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faculty members, a majority of whom conduct research in addition to teaching.

Research is a vital part of the educational program and interests parallel academic specialties. These

range from the classical engineering disciplines of Chemical, Civil, Electrical, and Mechanical and Aero-

space to newer, more specialized fields of Applied Mechanics, Biomedical Engineering, Systems Engi-

neering, Materials Science, Nuclear Engineering and Engineering Physics, Applied Mathematics and Com-

puter Science. Within these disciplines there are well equipped laboratories for conducting highly

specialized research. All departments offer the doctorate; Biomedical and Materials Science grant only
graduate degrees. In addition, courses in the humanities are offered within the School.

The University of Virginia (which includes approximately 2,000 faculty and a total of full-time student

enrollment of about 17,000), also offers professional degrees under the schools of Architecture, Law,

Medicine, Nursing, Commerce, Business Administration, and Education. In addition, the College of Arts

and Sciences houses departments of Mathematics, Physics, Chemistry and others relevant to the engi-

neering research program. The School of Engineering and Applied Science is an integral part of this
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NASA-UVa LIGHT AEROSPACE ALLOY AND

.STRUCTURES TECHNOLOGY PROGRAM

(LA2ST)

EXECUTIVE SUMMARY

The NASA-UVa Light Aerospace Alloy and Structures Technology (LA2ST) Program

was initiated in 1986 and continues with a high level of activity. Projects are being conducted

by graduate students and faculty advisors in the Department of Materials Science and

Engineering, as well as in the Department of Civil Engineering and Applied Mechanics, at the

University of Virginia. This work is funded by the NASA-Langley Research Center under Grant

NAG-I-745. Here, we report on progress achieved between January 1 and June 30, 1995.

The objective of the LA2ST Program is to conduct interdisciplinary graduate student

research on the performance of next generation, light-weight aerospace alloys, composites and

thermal gradient structures in collaboration with NASA-Langley researchers. Specific technical

objectives are presented for each research project. We generally aim to produce relevant data and

basic understanding of material mechanical response, environmental/corrosion behavior, and

microstructure; new monolithic and composite alloys; advanced processing methods; new solid

and fluid mechanics analyses; measurement and modeling advances; and a pool of educated

graduate students for aerospace technologies.

The accomplishments presented in this report are summarized as follows.

oo Three research areas are being actively investigated, including: (1) Mechanical and

Environmental Degradation Mechanisms in Advanced Light Metals and Composites, (2)

Aerospace Materials Science, and (3) Mechanics of Materials and Composites for Light

Aerospace Structures.

oo Eleven research projects are being conducted by 9 PhD and 3 MS level graduate students,

with 7 faculty members from 2 departments in the School of Engineering and Applied

Science at UVa. Each project is planned and executed in conjunction with a specific

branch and technical monitor at NASA-LaRC.

oo Two undergraduates are conducting research in the Metallic Materials Branch at NASA-

LaRC during the Summer of 1995. No undergraduates are currently participating in

LA2ST research at UVa.
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Collective accomplishments between January and June of 1995 include: 6 journal or

proceedings publications, 1 NASA progress report, 9 presentations at national technical

meetings, 1 MS thesis, and 1 PhD dissertation published. Two students graduated during

this reporting period; 1 with the Masters of Science Degree in Materials Science and

Engineering, and 1 with the Doctor of Philosophy Degree in Materials Science and

Engineering at UVa. The LA2ST totals since 1986 are 102 publications (60 archival

journal or book publications), 20 PhD dissertations or MS theses, 109 external technical

presentations, 17 NASA progress reports, and 4 NASA Contractor Reports. Since 1986,

33 graduate students, including 31 citizens of the United States, have been involved with

LA2ST research; 20 have received the MS or PhD degree. Five post-doctoral research

associates have participated in LA2ST research. A total of 13 different faculty have

worked on the LA2ST program.

Research on mechanisms of localized corrosion and environmental fracture in AI-Cu-

Li-Mg-Ag alloy X2095 and compositional variations provides measurements of

electrochemistry, occluded chemistry, fractography and environmental crack growth rates

of UA and PA AA2095. The UA temper yields much higher crack growth rates, as well

as film free and somewhat featureless fractography, consistent with an embrittlement

mechanism. The PA temper yields high angle intergranular EAC type fractography with

considerable corrosion product on the fracture surfaces, much slower crack growth rates,

consistent with an EAC mechanism based on the anodic dissolution of T1 and copper

depleted zones. Cracking was observed in chromate inhibited environments, with

samples polarized anodic to a critical electrochemical potential. (Project 4)

OO Research on hydrogen interactions with A1-Li alloys and hydrogen embrittlement of

AA2090 seeks to develop a fundamental understanding of the effects of internal lattice

and trapped hydrogen on the mechanical properties of selected AI-Li-Cu-X alloys.

Studies were performed on AA2090, an AI-Li-Cu-Zr alloy within the specified

compositional range of AA2090, and model binary alloys. Mechanical properties were

evaluated by constant extension rate testing of smooth tensile specimen and J-Integral

testing of compact tension samples, both precharged with hydrogen. Degradation of

mechanical properties with hydrogen was correlated with thermal desorption analysis of
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hydrogen trapping and fractography. Results suggest that hydrogen embrittlement is a

strong contributor to stress corrosion cracking of this class of alloys. (Project 5)

OO Research on the deformation and fracture of high strength titanium alloys

demonstrates that predissolved hydrogen (500 to 700 wppm) causes stable crack growth

at 75°C. This brittle cracking initiates at a stress intensity level that is about one-third of

the plane strain fracture toughness for aged Beta-21S, and progresses by microscopic

processes that are different compared to ductile fracture of as-received alloy without

hydrogen. Work is progressing to develop procedures for reproducible electrochemical

introduction of hydrogen, and slow-rate elevated temperature fracture resistance

characterization; problems are associated with each procedure. Timet should deliver cold

rolled sheet and hot rolled plate of Low Cost Beta. A single microstructure of LCB sheet,

relevant to High Speed Civil Transport alloy development, will be examined to

characterize and understand temperature-dependent internal hydrogen embrittlement of

high strength 13-titanium alloys. (Project 6a)

OO Research on the cryogenic fracture of AI-Cu-Li-In alloys demonstrates that the fracture

toughness R-curve behavior of 2090-T81 plate is essentially constant in the temperature

range from 25°C to about -150°C. Initiation and growth toughnesses increase

substantially at -185°C, associated with numerous large delaminations. Delaminations

occurred between grains, one of which was of the brass texture and in many cases the

other was of the S texture. In contrast to the temperature dependence of fracture

toughness; alloy yield strength, elastic modulus, work hardening exponent, and intrinsic

fracture strain each increase monotonically with decreasing temperature from 25°C to

- 185°C. (Project 2)

OO Research on the fracture toughness of several Weldalite TM alloys demonstrates that the

temperature dependence of initiation fracture toughness (Kj_c) is reasonably predicted by

the critical strain controlled model of crack tip ductile fracture. For both AA2095 and

AA2195, Knc is predicted to decline monotonically with decreasing temperature from

135°C to -185°C. This decline is controlled by the fact that; while alloy yield strength,

work hardening, and elastic modulus increase with decreasing temperature; reduction in



area to fracture (a measure of intrinsic fracture resistance) decreases with decreasing

temperature and dominates the fracture toughness temperature dependence. This

prediction is consistent with measured fracture toughnesses for AA2095, however, results

for AA2195 exhibit scatter that clouds the comparison between the model and

experiment. (Project 3)

OO

O0

O0

Research on the elevated temperature fracture toughness of advanced AI-Cu-Mg-Ag

alloys establishes the importance of high resolution detection of fracture initiation in thin

sheet precracked specimens. This method has provided extensive temperature-dependent

fracture toughness data for a range of advanced aluminum alloys. A critical plastic strain

controlled model successfully predicts these temperature dependencies of initiation

toughness for ingot metallurgy and spray formed precipitation hardened alloys, as well

as for submicron grain-size powder metallurgy alloys. It is hypothesized that intravoid

strain localization governs the intrinsic fracture resistance (_f') in 2000-series alloys. As

strain and strain rate localize and increase between growing microvoids, the material is

strain and strain rate hardened, and dislocations promote void nucleation at dispersoids

by accumulating at the particle/matrix interface. As temperature increases, the strain

hardening rate decreases, the strain rate sensitivity increases, and the tendency for void

nucleation at dispersoids decreases. The latter two are responsible for rising _f with

increasing temperature in AA2519. (Project 1)

Research on the precipitation hardening and microstructural stability of A1-Si-Ge-Cu

alloys investigated the strengthening mechanisms in a recently developed A1-0.55Si-

2.02Ge (wt.%) alloy and significantly improved the theoretical yield strength prediction

for this ternary alloy as a function of aging time. Cavity nucleation in this temary alloy

was analyzed using finite element calculations; the results of these calculations are

consistent with experimental measurements of the volume fraction of voids as a function

of strain and precipitate diameter. (Project 8)

Research on the effect of tensile stress on nucleation and growth of precipitates in

AI-Cu-Mg-Ag alloys shows that, in solution heat treated samples, Q and e' precipitates

are preferentially oriented parallel to the applied stress axis. This was not observed for
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T6 sampleswhich were further agedunderstress. Therefore,it wasconcludedthat

nucleationof precipitatesis stronglyaffectedby stress. It was foundthat a threshold

stressmustbeexceededbeforethis effectcanbeobserved. (Project9)

OO Research to evaluate wide-panel aluminum alloy extrusions produced accurate

predictions of yield strength anisotropy in 2090 near net shape extrusions. These

predictions were made using models constructed to predict strength variations due to

texture, grain morphology, and precipitate orientation. (Project 7)

oo Research on damage evolution in polymeric composites will be reported apart from this

grant review meeting and progress report. (Project 10)

OO Research to incorporate environmental effects into fracture mechanics fatigue life

prediction codes such as NASA FLAGRO is nearing an initial stage of completion, with

two MS thesis published on modeling environmental fatigue crack propagation in 7075-

T6 (S-L) and Ti-6AI-4V (ELI) in aqueous NaCI solution. A Fortran 77 computer

program, UVAFAS, has been written to incorporate linear superposition, interpolative,

and multiple-power-law models of environmental fatigue crack growth rates. Simple

linear superposition is of limited value due to the stress corrosion cracking resistance of

these alloys in NaC1. Interpolative modeling provides reasonable descriptions of stress

intensity, stress ratio and loading frequency effects on crack growth rates, however, the

complexity of environmental fatigue and the lack of mechanistic models hinder the

usefulness of this empirical approach. Corrosion fatigue crack growth rate data have been

generated for 7075 and Ti-6-4 in aqueous to support these conclusions and to provide

input for mechanistic modeling. (Project 11)
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INTRODUCTION

Background

In 1986 the Metallic Materials Branch in the Materials Division of the NASA-Langley

Research Center initiated sponsorship of graduate student engineering and scientific research in

the Department of Materials Science and Engineering at the University of Virginia tq. This work

emphasized the mechanical and corrosion behavior of light aerospace alloys, particularly AI-Li-

Cu based compositions, in aggressive aerospace environments E241.

In the Fall of 1988, the scope of this program increased to incorporate research on the

development and processing of advanced aerospace materials t51. Additional funding was provided

by the Metallic Materials and Mechanics of Materials Branches at NASA-LaRC. In early 1989

the program was further enhanced to include interdisciplinary work on solid mechanics and

thermal structures, with funding from several Divisions within the Structures Directorate at

NASA-LaRC c61. The Departments of Civil Engineering (Applied Mechanics Program) and

Mechanical and Aerospace Engineering participated in this expanded program. With this growth,

the NASA-UVa Light Aerospace Alloy and Structures Technology Program (or LA2ST

Program) was formed within the School of Engineering and Applied Science at UVa.

Since 1989, the LA2ST program has operated with full participation from 6 to 13 faculty

and 10 to 15 graduate students, yearly, as outlined in the last ten progress reports [7"1s1and five

grant renewal proposals tt9241. Five 2-day Grant Review Meetings have been held in July at the

Langley Research Center, with over 25 faculty and graduate students from UVa participating at

each meeting t9'_1'13'_5'171.Since 1990, undergraduate engineering students have been involved in

research projects at both NASA-LaRC and UVa.

In October of 1991, E.A. Starke proposed a substantial enhancement to the base LAEST

Program t2_,261. The objective of this supplement was to involve UVa faculty with engineering

scientists from aluminum alloy producers and airframe manufacturers in a broad research

program to develop aluminum alloys and composites for elevated temperature High Speed Civil

Transport applications. This research began in January of 1992 and the results are separately

reported. The LA2ST and HSCT activities were merged in 1995 t231.



Problem and Needs

Future aerospacestructuresrequirehigh performancelight alloys and metalmatrix

compositeswith associatedprocessingandfabricationtechniques;newstructuraldesignmethods

andconceptswith experimentalevaluations;componentreliability/durability/damagetolerance

predictionprocedures;andapoolof mastersanddoctorallevelengineersandscientists.Work

onadvancedmaterialsandstructuresmustbe interdisciplinaryandintegrated.Thethermaland

chemicaleffectsof aerospaceenvironmentson light metalsand compositesareparticularly

importantto materialperformance.Nationally,academiceffortsin theseareasarelimited. The

NASA-UVa LAESTProgramaddressestheseneeds.

LAZSTProgram

As detailedin theoriginalproposalE6]andaffirmedin themostrecentrenewalE24],faculty

from the Departmentsof Materials Scienceand Engineering,Mechanicaland Aerospace

Engineering,and Civil EngineeringandApplied Mechanicsat UVa areparticipating in the

LAESTresearchandeducationprogramfocusedonhigh performance,light weight,aerospace

alloysandstructures.Weaim to developlongtermandinterdisciplinarycollaborationsbetween

graduatestudents,UVa faculty,andNASA-Langleyresearchers.

Our researcheffortsareproducingbasicunderstandingof materialsperformance,new

monolithic and compositealloys, advancedprocessingmethods,solid and fluid mechanics

analyses,measurementadvances,andnewmethodsfor modelingmaterialmicrostructureand

properties.A major productof theLA2STprogramis graduatestudentswith interdisciplinary

educationandresearchexperiencein materialsscience,mechanicsandmathematics.These

advancesshouldenablevariousNASA technologies.

Thescopeof the LA2STProgramis broad. Fourresearchareasarebeinginvestigated,

including:

OO Mechanical and Environmental Degradation Mechanisms in Advanced Light Metals and

Composites,

oo Aerospace Materials Science,

oo Mechanics of Materials and Composites for Light Aerospace Structures,
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oo ThermalGradientStructures.

Twelveresearchprojectsarecurrentlyongoing within three of these four areas, and are

reported here. These projects involve seven faculty, and twelve graduate students. Seventy-five

pct of the graduate students are currently at the doctoral level (9 of 12), all but one are citizens

of the United States, two are cosponsored by private industry, and two are conducting all research

at the Langley Research Center. In each case the research provides the basis for the thesis or

dissertation requirement of graduate studies at the University of Virginia. Each project is

developed in conjunction with a specific LaRC researcher. Research is conducted at either UVa

or LaRC, and under the guidance of UVa faculty and NASA staff. Participating students and

faculty are closely identified with a NASA-LaRC branch.

Organization of Progress Report

This progress report first provides LA2ST Program administrative information including

statistics on the productivity of faculty and graduate student participants, a history of current and

graduated students, refereed or archival publications, and a list of ongoing projects with NASA

and UVa advisors.

Eleven sections summarize the technical accomplishments of each research project,

emphasizing the period from January 1 to June 30, 1995. Each section contains a brief narrative

of objective, recent progress, conclusions and immediate milestones; coupled with a set of visual

aids presented at the Sixth Annual NASA-UVa LA2ST Grant Review Meeting held at NASA-

LaRC in July of 1995. The agenda of this meeting is presented in Appendix IV. Appendices I

through III document grant-sponsored publications, conference participation and citations of all

LA2ST Progress Reports produced since 1986.
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SUMMARY STATISTICS

Table I documents the numbers of students and faculty who have participated in the

LA2ST Program, both during this reporting period and since program inception in 1986.

Academic and research accomplishments are indicated by the degrees awarded, publications and

presentations. Graduate students and research associates who participated in the LA2ST Program

are named in Tables II and III, respectively.

TABLE I: LA2ST Program Statistics

Current

7/1/94 tO 12/31/94

Cumulative

1986 tO 12/31/94

PhD Students--UVa:

--NASA-LaRC:

8

1

21

1

MS Students--UVa:

--NASA:

--VPI:

2

1

0

Undergraduates--UVa:
--NASA-LaRC:

Faculty--UVa:
--VPI:

Research Associates--UVa:

PhD Awarded:

MS Awarded:

Employers--NASA:
--Federal:

--University:

--Industry:

--Next degree:

0

2

7

0

1

1

1

1

1

0

1

1

9

15

12

1

5

13

7

3

4

1

6

5

7 PAGE II',ii'E61.h_s+,'Ai_L'l_' ,_',',I.,"L, d _,t_.



TABLE I: LA2ST Program Statistics (continued)

Current Cumulative

1/|/94 to 6/30/94 1986 to 6/30/94

Publications: 6 102

Presentations: 9 109

Dissertations/Theses: 2 20

NASA Reports: 1 21
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and
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GRANT PUBLICATIONS: (REFEREED JOURNALS, ARCHIVAL VOLUMES

AND NASA CONTRACTOR REPORTS)

The following papers are based on research conducted under LA2ST Program support, and

are published in the referred or archival literature.

60.

59.

58.

57.

56

55.

54.

53.

52.

B. Skrotzki, E. A. Starke and G. J. Shiflet, "The Effect of Stress on Nucleation and

Growth of Precipitates in A1-Cu-Mg-X Alloys", Pro¢. 0fthe 2nd International Conference

on Microstructure and Mechanical Properties of Aging Materials, TMS-AIME,

Warrendale, PA, in press (1995).

P.N. Kalu and J.A. Wagner, "A Microtexture Investigation of the Fracture Behavior of
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Graduate Student: Sheldon T. Pride
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Department: Chemical Engineering
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Faculty Investigator: F.E. Wawner

Graduate Student: Douglas B. Gundel

Degree: PhD

UVa Department: MS&E

NASA-LaRC Contact:

Start Date: April, 1991

Completion Date: June, 1994

Employment:

D.L. Dicus and W.B. Brewer (Metallic
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Wright Laboratories (WL/MLLM), US Air Force Materials
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Graduate Student: Mark E. Mason
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UVa Department: MS&E
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ENVIRONMENTAL EFFECTSIN FATIGUE LIFE PREDICTION: MODELING
ENVIRONMENTAL CRACK PROPAGATIONIN LIGHT AEROSPACEALLOYS

FacultyInvestigator:R. P.Gangloff
GraduateStudent: EdwardRichey,III
Degree:MS
UVa Department:MANE
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ADMINISTRATIVE PROGRESS

Faculty Participation

Professor G.J. Shiflet jointed the LA2ST Program during this reporting period and will

be collaborating with Professor Starke.

Graduate Student Recruitment

The LA2ST Program has encountered no problems in recruiting the best graduate students

entering the participating Departments at UVa, and in sufficient numbers to achieve our education

and research objectives. Professor Scully recently recruited Mr. Keith Eklund, currently

completing his MS degree in Materials Science at the Pennsylvania State University. His LA2ST

research will focus on mechanisms of stress corrosion crack initiation and growth in advanced

ingot metallurgy aluminum alloys.

Undergraduate Research Participation

In April of 1990, the LA2ST Program was increased in scope to include undergraduate

engineering students. Four students worked at NASA-LaRC during the Summer of 1990, none

were recruited for the 1991 program, and seven were successfully recruited to work at NASA-

LaRC during the Summer of 1992. Each student was a rising senior in an engineering or science

major closely related to aerospace materials and mechanics. Represented universities have

included Harvard, Georgia Institute of Technology, Virginia Polytechnic Institute, Duke, the

University of Missouri, California Polytechnical Institute, and North Carolina State University.

Professor Glenn E. Stoner assumed responsibility for the 1993 Summer Undergraduate

Program. During the past reporting period, he recruited two students from the Pennsylvania State

University and North Carolina State University. These students are working in the Metallic

Materials Branch at NASA-LaRC for the Summer of 1995.
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CURRENT PROJECTS

MECHANICAL AND ENVIRONMENTAL DEGRADATION MECHANISMS

IN ADVANCED LIGHT METALS AND COMPOSITES

°
TIME-TEMPERATURE DEPENDENT FRACTURE IN ADVANCED WROUGHT

INGOT METALLURGY, AND SPRAY DEPOSITED ALUMINUM ALLOYS
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FRACTURE OF A1-Li-Cu-In ALLOYS

Faculty Investigator: R.P. Gangloff

Graduate Student: John A. Wagner; PhD candidate and NASA-LaRC employee

UVa Department: MS&E

NASA-LaRCContacts: W.B. Lisagor (Metallic Materials) and J.C.

Newman (Mechanics of Materials)

Start Date: June, 1987

Anticipated Completion Date: December, 1995

Project #2

, EFFECTS OF AGING AND TEMPERATURE ON THE DUCTILE FRACTURE OF

AA2095 AND AA2195

Faculty Investigator: R.P. Gangloff

Graduate Student: Cynthia L. Lach; MS candidate and NASA- LaRC employee

UVa Department: MS&E

NASA-LaRC Contacts: W.B. Lisagor (Metallic Materials)

Start Date: August, 1990

Anticipated Completion Date: December, 1995

Project #3
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° MECHANISMS OF LOCALIZED CORROSION IN 2090 AND X2095

Faculty Investigator: G.E. Stoner

Graduate Student: Douglas Wall; PhD candidate

UVa Department: MS&E

NASA-LaRC Contact: M.S. Domack (Metallic Materials)

Start Date: April, 1991

Completion Date: December, 1995

Cosponsor: Reynolds Metals Company (A. Cho)

Project #4

° HYDROGEN INTERACTIONS IN ALUMINUM-LITHIUM 2090 AND SELECTED

MODEL ALLOYS

Faculty Investigator: John R. Scully

Graduate Student: Stephen W. Smith; PhD Candidate

UVa Department: MS&E

NASA-LaRC Contact: W.B. Lisagor and D.L. Dicus (Metallic Materials)

Start Date: April, 1991

Anticipated Completion Date: May, 1995

Cosponsor: Virginia CIT

Project #5

6a. MECHANISMS OF DEFORMATION AND FRACTURE IN HIGH STRENGTH

TITANIUM ALLOYS: EFFECTS OF TEMPERATURE AND DISSOLVED

HYDROGEN

Faculty Investigators: R. P. Gangloff

Graduate Student: Sean P. Hayes; PhD Candidate

UVa Department: MS&E

NASA-LaRC Contact: To be determined (Metallic Materials)

Start Date: September, 1994

Completion Date: September, 1997

Project #6a

6b. MECHANISMS OF DEFORMATION AND FRACTURE IN HIGH STRENGTH

TITANIUM ALLOYS: EFFECTS OF TEMPERATURE AND MICROSTRUCTURE

Faculty Investigators: E. A. Starke, Jr.

Graduate Student: Susan M. Kazanjian, MS Candidate

UVa Department: MS&E

NASA-LaRC Contact: To be determined (Metallic Materials)

Start Date: December, 1994

Completion Date: To be determined

Project #6b
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AEROSPACE MATERIALS SCIENCE

, EVALUATION OF WIDE-PANEL ALUMINUM ALLOY EXTRUSIONS

Faculty Investigator: John A. Wert

Graduate Student: Mark T. Lyttle, Ph.D. Candidate

UVa Department: Materials Science and Engineering

NASA-LaRC Contact: T. T. Bales (Metallic Materials)

Start Date: January, 1994

Completion Date: September, 1996

Project #7

, Al-Si-Ge-Cu ALLOY DEVELOPMENT

Faculty Investigator: E.A. Starke, Jr.

Graduate Student: H.J. Koenigsmann, Ph.D. Candidate

UVa Department: Materials Science and Engineering

NASA-LaRC Contact: W.B. Lisagor

Start Date: September, 1993

Completion Date: To be determined

Project #8.

.

10.

EFFECTS OF TEXTURE AND PRECIPITATES ON MECHANICAL

PROPERTY ANISOTROPY OF A1-Cu-Mg-X ALLOYS

Faculty Investigators: E.A. Starke, Jr. and G.J. Shiflet

Graduate Student: None

Post Doctoral Research Associate: B. Skrotzki

UVa Department: Materials Science and Engineering

NASA-LaRC Contact: W.B. Lisagor

Start Date: January, 1995

Completion Date: To be determined

Project #9.

MECHANICS OF MATERIALS FOR LIGHT AEROSPACE STRUCTURES

DAMAGE EVOLUTION IN POLYMERIC COMPOSITES

Faculty Investigator: C. T. Herakovich

Graduate Student: R. D. Schroedter III, MS Candidate

UVa Department: Civil Engineering & Applied Mechanics

NASA-LaRC Contact: C.E. Harris & T. Gates

Start Date: September 1993

Completion Date: December, 1995

Project #10
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11. ENVIRONMENTAL EFFECTSIN FATIGUE LIFE PREDICTION: MODELING
ENVIRONMENTAL CRACK PROPAGATIONIN LIGHT AEROSPACEALLOYS

Faculty Investigator:R.P.Gangloff
GraduateStudents: ZuhairGasem;PhDCandidate

Edward Richey III; MS Candidate (Mechanicaland
AerospaceEngineering)

UVa Department:MS&E
NASA-LaRCContact:R.S.Piascik(Mechanicsof Materials)
StartDate:January,1992
AnticipatedCompletionDate: June,1995(Richey)

December,1996(Gasem)
Project#11

THERMAL GRADIENT STRUCTURES

None
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RESEARCH PROGRESS AND PLANS (January 1 to June 30, 1995)

Research progress, recorded during the period from January l, 1995 to June 30, 1995, is

summarized for each project in the following sections. The standard format includes the program

objective, recent progress, conclusions, and immediate milestones; coupled with a set of visual

aids given in graduate student presentations at the Seventh Annual NASA-UVa LA2ST Grant

Review Meeting held at NASA-LaRC in July of 1995. The agenda of this meeting is presented

in Appendix IV.

Pro_iect#1 Time-Temperature Dependent Fracture in Advanced Wrought Ingot

Metallurgy and Spray Deposited Aluminum Alloys

Michael J. Haynes and Richard P. Gangloff

Objective

The objective of this study is to quantitatively characterize plane strain initiation (Kjici)

and plane stress growth toughnesses of advanced A1-Cu-Mg-Ag alloys as a function of

temperature. The effect of temperature on Kj_ci is micromechanically modeled, employing

temperature dependent measurements of elastic modulus, intrinsic fracture strain, yield strength,

and work hardening, coupled with an estimate of the critical microstructural distance relevant to

dimpled rupture. Metallurgical aspects of elevated temperature microvoid fracture; including

second phase particle distributions, shear localization during coalescence, and dynamic recovery;

are identified and incorporated into explanations of time-temperature dependent fracture

processes.

Recent Findings

Direct current potential difference crack length monitoring, coupled with J-integral

fracture mechanics, successfully characterizes initiation and growth toughness of thin sheet

compact tension [C(T)] specimens. Rising load experiments on AA2650-T6, for C(T)

thicknesses of 3.2 mm and 6.0 mm, demonstrate that Kjtci from DCPD detected initiation is

nearly identical for the two thicknesses (Knc_ = 28.0 MPa(m). In contrast measured fracture
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toughness(Kj_c)from a0.2mmoffsetbluntingline definition of fracture initiation (ASTM E813)

is 30% higher for the 3.2 mm thick C(T) specimen. The 0.2 mm offset in ,Xa corresponds to a

significant amount of process zone damage and a substantial loss in plane strain constraint. The

R-curve rises rapidly in the low Aa regime, resulting in the inflated Kj_c. For the 6.0 mm thick

specimen the plane strain constraint is maintained and Kj_c approaches Knci.

Ambient and elevated temperature initiation (Kjlci) and growth (Kj 2tara) fracture

toughnesses have been characterized for a commercial aluminum alloy (AA2024), a low Fe and

Ni version of AA2618 (AA2650), and three Ag bearing, 2519-type alloys (AA2519+Mg+Ag,

C416, and spray formed N203). AA2519+Mg+Ag and C416 display superior initiation and

growth fracture toughness at ambient temperature. Both alloys maintain their initiation toughness

to elevated temperatures, and C416 displays the highest Kj_c_ and Kj 2ramat elevated temperatures.

Spray formed N203, with a 1 to 5 _tm grain size, does not display the elevated temperature

ductility and fracture toughness degradations seen in submicron grain-size aluminum alloys such

as AA8009 and high purity cryogenically milled aluminum.

The critical plastic strain-controlled model successfully predicts the temperature

dependency of initiation fracture toughness for a wide variety of advanced aluminum alloys,

including AA2519+Mg+Ag, AA2618, AA2095, AA2195, spray formed N203, AA8009, and

cryogenically milled aluminum. Predictions can be reasonably based on smooth bar tensile

properties and an estimate of the reduction in smooth bar strain to failure (_) to a triaxial-stress-

state constraint corresponding to the crack tip. Temperature insensitive Knc_ is predicted and

observed for precipitation hardened 2000 series alloys, while a degradation of Kj_ci is correctly

modelled in submicron grain size alloys. The temperature dependencies of Kjici are traceable to

the interplay between thermally sensitive process zone fracture resistance (_f) and the

temperature-dependent crack tip strain field (dependent on Oys, E, and N). Both components are

necessary to successfully predict temperature insensitive initiation toughness in precipitation

hardened alloys, where gr" rises with temperature and Ors, E, and N decline.

The critical distance (1*), calculated from the model by equating measured and predicted

fracture toughness at ambient temperature, correlates with the nearest neighbor particle spacing

in a volume for a variety of aluminum and steel alloys. The data are divided into two

correlations, based on whether the alloy contains a unimodal or bimodal size distribution of void
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nucleatingparticles.Forabimodaldistributionof particles,the linear fit suggests that the critical

fracture initiation event occurs over roughly one particle spacing. For a unimodal distribution,

a linear fit suggests that the critical fracture event occurs over 4 to 5 particle spacings. These

results are preliminary.

Strain localization between growing microvoids ("Intravoid Strain Localization" or ISL)

is hypothesized to have a large influence on the intrinsic fracture resistance (alloy ductility) since

subsequent void sheeting truncates primary void growth, which would otherwise dissipate a large

amount of strain energy prior to coalescence by impingement. The progression or abatement of

ISL depends on the competition between intravoid flow hardening (from strain and strain rate

hardening) and intravoid flow softening (partly from void nucleation at dispersoids within an ISL

band). As temperature increases, the work hardening exponent (1'4 from o = Ke N) declines, the

strain rate hardening exponent (m from o = K_m) increases, and the propensity for void nucleation

at dispersoids decreases. Competition between these three variables (in promoting or retarding

ISL) results in reduced ISL and void sheeting at elevated temperatures, and an associated rise in

_r'.

Milestones

Two manuscripts, prepared for submittal to Metallurgical Transactions A and an ASTM

Special Technical Publication (STP), have been written and are currently in the revision process.

These papers should be completed by September. Another paper, on characterization of

initiation toughness and J-Aa behavior will be written for submittal to the ASTM Journal of

Testing and Evaluation. Mr. Haynes successfully completed the research proposal for his PhD

program.

In the next reporting period, we will study intravoid strain localization in

AA2519+Mg+Ag and spray formed N203. Stress relaxation tests will be employed to

characterize strain rate hardening over a wide range of strain rate and temperature. Smooth and

notched tensile bars will be interrupted at various damage levels (as detected by DCPD

monitoring) and sectioned for microstructural observation of the microvoid failure processes.

Ultra-sensitive density measurements will be employed to quantify void damage.
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Presentation Captions

1. Title.

2. Project objectives.

o Can one accurately characterize initiation (Knci) and growth (Kj 2ram)fracture toughnesses

using specimens of reduced width and thickness?

, Chemical compositions of precipitation hardened alloys (AA2519+Mg+Ag, C416, N203,

AA2650, AA2024) characterized for initiation and growth fracture toughness.

, Photograph illustrating the experimental set up for fracture toughness testing of thin sheet

C(T) specimens with buckling restraints. Load, crack length from electrical potential and

crack mouth opening displacement are digitally recorded for input to the calculation of

J versus Aa.

o Plane strain character of crack initiation in a thin sheet C(T) specimen and the subsequent

transition to plane stress fracture as the crack extends.

o Kj versus ha for two thicknesses of C(T) specimens of AA2650 at 25°C, showing: (1) the

sensitivity of the offset blunting line (ASTM E813) measurement of initiation toughness

(KjIc) to C(T) specimen thickness, and (2) the insensitivity of direct current potential

difference (DCPD) detected initiation toughness to specimen thickness. Each C(T)

specimen was machined from the central portion of thick plate AA2650.

° Knc_ versus temperature for a variety of precipitation hardened alloys (AA2024, AA2650,

AA2519+Mg+Ag, C416, and N203).

° Summary bar chart of ambient temperature growth toughness (Kj 2ram) for precipitation

hardened alloys AA2650, N203, AA2024, C416, AA2519+Mg+Ag, and AA2519+Mg,

displaying the superior growth toughness of the 2519-type ingot metallurgy alloys

(AA2519+Mg, AA2519+Mg+Ag, and C416).

10. Summary bar chart of ambient and elevated temperature Kj 2mm for precipitation hardened

alloys AA2519+Mg, AA2650, AA2519+Mg+Ag, and C416, displaying the superior

elevated temperature Kj 2ramfor Ag-bearing C416.

11. Can one quantitatively predict the temperature dependence of Kj_ci in ingot metallurgy,

spray formed, and submicron grain size powder metallurgy aluminum alloys?

12. Chemical compositions of aluminum alloys that were micromechanically modelled to

predict initiation toughness.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Schematicrepresentationof thecritical plasticstrain-controlledmodeldepictingthree
model elements:(1) the effectiveplastic strainfield aheadof a cracktip (_P),(2) the
intrinsic fractureresistancerelevantto a high stressstatetriaxiality (_f), and (3) the
fracture criterionof _Pexceeding_f"over a critical microstructuraldistance(1°). By
combiningthesethreeelements,Kjici is predicted as a composite property dependent on

yield strength, modulus, work hardening, constituent particle spacing, and fracture

ductility (reduction in area). Each of these latter material properties depends on

temperature.

Temperature-dependent tensile properties (Oy_and %RA) of AA2519+Mg+Ag and spray

formed N203. AA2519+Mg+Ag possesses superior yield strength and ductility.

Temperature dependent work hardening exponent (N) for spray formed N203 and

AA2519+Mg+Ag, showing superior work hardening capacity of lower strength N203.

Micromechanical model predictions of temperature dependent Kj_c_for AA2519+Mg+Ag

compared to experimental measurements. Two sets of predictions were produced, based
on reduction in area measurements of smooth and notched round tensile bars.

Micromechanical model predictions of temperature dependent Kj_ci for spray formed

N203 and AA2618 compared to experimental measurements.

Micromechanical model predictions of cryogenic to elevated temperature Kjici for

AA2095 and AA2195 compared to experimental measurements.

Elevated temperature dependence of normalized intrinsic fracture strain for

AA2519+Mg+Ag, cryogenically milled aluminum, and AA8009.

Micromechanical model predictions of temperature dependent Kj_c_ for AA8009 and

cryogenically milled aluminum, compared to experimental measurements.

Correlation between 1° and the nearest neighbor spacing of void nucleating constituents

in a volume for aluminum alloys and steels, subdivided into unimodal and bimodal

particle size distribution classes.

Hypothesis: the intrinsic fracture resistance of 2000 series aluminum alloys increases

with increasing temperature due to a decreasing tendency for Intravoid Strain Localization

(ISL) and a decreased tendency for the associated plastic shear instability between

growing microvoids.

Experimental evidence of retarded ISL behavior at elevated temperature, obtained from

crack tip profiles of AA2519+Mg+Ag.

List of continuum and microstructural variables governing ISL.
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25.

26.

27.

28.

29.

Schematicrepresentationof ISL betweentwo growing microvoids (nucleatedat
constituentparticles),illustratingimportantfeaturessuchas:(1) stressand strainrate
amplificationwithin theband,and(2) flow hardeningin thebanddueto local strainand
strain rate hardeningas well as flow sot_eningdue to void nucleationat submicron
dispersoids.

Fractographsdisplayingtherole of constituentparticledistributionin influencing ISL
behavior.

Explanationof retardedvoid sheetingandenhanced%RA at elevatedtemperature in

AA2519+Mg+Ag. At ambient temperature, intravoid flow hardening due to strain and

strain rate hardening is insufficient to overcome intravoid flow softening (partly from

void nucleation at dispersoids). ISL and void sheeting is prevalent. At elevated

temperatures, intravoid flow hardening is substantial and sufficient to delay the onset of

ISL and void sheeting, due to enhanced strain rate hardening and reduced void nucleation

at dispersoids. Fracture ductility increases due to enhanced stable growth of primary
microvoids.

Correlation between strain rate sensitivity, m, and N" for AA2519+Mg+Ag and AA2618.

m was calculated from creep data for AA2219 and AA2618, while _r"was calculated from

%RA.

Conclusions.
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Characterize the initiation and growth fracture toughness of advanced

aluminum alloys as a function of temperature.

Micromechanically model initiation fracture toughness (Knc_) as a function

of temperature.

Identify metallurgical and continuum aspects of temperature dependent
microvoid fracture.
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C(T) Specimen Detail for
Thin Sheet J-Aa Determination



- Low magnificaUon SEM fractograph of a 2519-T87 (+Mg+Ag) fracture
surface produced at 25oC showing the plane strain flat fracture and transition to

plane stress cracking. The shear lip - flat fracture Interface is indicated by arrows,
with the fatigue precrack just visible parallel to the bottom edge of the photo.
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Critical Plastic Strain Controlled Model

L d. -,I

K
JiCi

m

m

oysE I*

(1

C2

m_

= (1/y) (-In(1 -% RA))



13_
_E

>.,.

b

500

400

300

200

100

0

[]

0

SF N203

y,,

[] RA (_)
l 1 , : i l ] , ' l ' i I i i '

25 50 75 100 125

AA2519+Mg+Ag

• O"
y-,

• RA (_)
i .... l

150 175

Temperature (°C)

90

75

60

45

30

15

2OO



0.10

• Spray Formed N203

Z • AA2519+Mg+Ag
-i-..

0.08

L_ 0.06

"_ 0.04

0.02

, , , I , , , , [ , , , , I , , , , I .... I , , , , I , , , , I , , , ,0.00

0 25 50 75 100 125 150 175 200

Temperature (°C)



.m

L;

40

35

30

25

20

15

10

5

0

1" = 20.5 _tm

V

0 []
0 El 0 0

-- u u 0

0

AA2519-T87 (+Mg +Ag)
3.2 mm, LT Sheet

Least Squares Fit to Measurements

• Measured
R

o Predicted-_ f from Notched Bar RA (rn=l.5)

o Predicted-_ f from Smooth Bar RA (rs=6.5)

,,,,I,,ll Iij*,l,,,,I,,,,I,,,*l**,,I,,,,

25 50 75 100 125 150 175 200

Temperature (°C)



35

30

_' 25

20

15
.N

5

0

Ill
u

N203 Extrusion

• Measurement
A

• m
[3 [-]

Model Prediction (r =7, i* =20.3 lam)

[]

0

AA2618-T851 Plate

• Measurement

[] Model Prediction (r =7, l* =14.81am)
.,,,l,,.,l,,,,l,,,,l,,,,l,,.,l,,,'l''''l''f'l'

25 50 75 100 125 150 175 200 225

Temperature (°C)



50

45

4O

35

-_ 30

25

20

10

5

t •

¢ •

v

@ [3 n • •u

AA2195-T8_ 3.8mm Sheet

• Measured

v Predicted (r =7, I_ =29.6 _tm)

[]

AA2095-T8, 3.8 mm Sheet

• Measured

[] Predicted (r =7, !_ =21.9/_m)

Least Squares Regression of Predictions

0 ' ' ' ' I ' ' , , I , * , , I , . , . I , , , , I . , , , I , , , ,

-200 -150 -100 -50 0 50 100 150 -_

Temperature (°C)



o I

0 °

, I , f , I , I , I , I , 1 , I , I ,

,-,,?

E

0

0 0 0 0 0

u!oJ_S aJn_ooJ3 pez!IoWJON



5O

45

40

,_, 3s
_ 3o

2O

15

10

5

0

RS/PM AAS009 Extrusion

• Measured

A Predicted (r =7, !* =16.8 ttm)

Cryogenically Milled A! Extrusion

• • Measured

m

, i all,***l, , *J I* I J . I** .'1, J** I** ° '

0 50 100 150 200 250 300

Temperature (°C)

35O



Q_

t_.

m

om

I.i

40

35

30

25

20

15

10

5

0

' I ' i

<>

[]

' ' ' I ' ' ' I ' ' '

Bimodal Particle Size

[] AA2618-T851

O AA2095-T6

<> N203-T6

O AA2519-T87(+Mg +Ag)

• Fe-C-Ni-Cr-Mn (+Ni & Si'

o 1

Unimodal Particle Size

' ' ' I ' ' ' I ' ' ' I

0 4 8 12

AA2195-T8

AA2OO9/SiC/2Op-T6

HP9-4-20#I Steels

4340-Type Steels

Fe-C-Ni-Cr-Mn (+Ni or Si

' ' ° I ' ' °

16 20

Nearest Neighbor Spacing in a Volume, A 3 (_m)



HYPOTHESIS



a

b

Crack tip profiles from midplane of C(T) specimem fractured at: (a) 25"C and (b)
150"C; load-line displacement rate = 0.26 #m/see. Arrows indicate void sheeting.



Microstructural Variables

,

2.

3.(1)

4.0-)

Spatial Distribution of Primary or Large Voids

Primary Void Shape (Projected Area Normal to Stress)

Void Nucleation at Small Second Phase Particles (Dispersoids)

Slip Mode

Continuum Variables

,

2.(t)

3 .(1)

Global Stress State Triaxiality

Strain Hardening

Strain Rate Hardening

(t)

(2)

Strongly Temperature Dependent

May be Temperature Dependent Depending on Alloy System
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Void sheeting is retarded (and 4" increases) at elevated temperatures
because:

At ambient temperature:

• Intravoid flow softening is substantial, due to void initiation and growth
at submicrometer dispersoids.

• Strain and strain rate hardening are low; thus intravoid flow hardening

is relatively low.

• Flow hardening is insufficient to delay the onset of ISL. Relative to
elevated temperatures, void sheeting is prevalent and the extent of
stable void growth and 4" are low.

As temperature is increased:

Intravoid flow softening is reduced, due to dislocation bypassing of

dispersoids by climb.

Strain hardening decreases, but strain rate hardening increases;

intravoid flow hardening remains constant or increases.

Intravoid flow hardening is substantial enough to delay the onset of

ISL. Void sheeting is reduced, the extent of stable void growth

increases and 4" increases.

NEED: Quantify' the roles of m, N, and intravoid flow softening on the
onset of strain localized coalescence.
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Strain Rate Sensitivity, m

Correlations between strain rate sensitivity, m, and if* for 2519-T87

(+Mg+Ag) and 2618-T851. if* values are derived from smooth and notched

tensile specimen reduction in areas by employing Eq. [6]; r,=1.53 for notched bars

and rs=6.5 for smooth bars.



Initiation (Kj_c_) and growth (Kj 2_) are characterized accurately by a J-integral
fracture mechanics method and direct current potential difference crack length

monitoring, with potential for small-specimen experiments.

The offset blunting line definition of initiation toughness from ASTM E813
overestimates the initiation toughness of thin sheet aluminum alloys (despite

satisfying the thickness criterion), due to a sharply rising R-curve associated with

a loss in plane strain constraint. The DCPD method detects fracture initiation

closer to the fatigue crack tip and appears to be insensitive to specimen thickness,

at least down to a 1/8" gage.

At ambient temperature, the 2519-type alloy sheets display superior plane stress

toughness (Kj 2ram)over 2024-T3, 2650-T6, and spray formed N203-T6.

At elevated temperatures, C416-T8 shows the best plane stress toughness (Kj 2"_)

compared to 2519-T87(+Mg+Ag), 2519-T87(+Mg), and 2650-T6.

The magnitude and temperature dependence of Kjici is accurately predicted for a

variety of advanced aluminum alloys by a strain-based micromechanical model of
microvoid fracture.

Initiation fracture toughness is a composite property, composed of temperature

dependent intrinsic alloy flow (%,, E, N) and fracture (_f, %RA) properties.

1° correlates to the nearest neighbor spacing of void nucleating constituents in a

volume for aluminum alloys and steels.

The intrinsic fracture strain, _[, is strongly influenced by ISL (strain localization

between primary voids nucleated at constituents). The prevalence of ISL at
ambient versus elevated temperatures depends directly on the propensity for void

nucleation at dispersoids and is inversely related to the levels of strain and strain

rate hardening at these temperatures.





Project #2 Cryogenic Temperature Effects on the Deformation and Fracture of AI-Li-

Cu and AI-Li-Cu-In Alloys: Microtexture and Temperature Dependent

Fracture of AA2090

John A. Wagner and R.P. Gangloff

Objective

The objective of this Ph.D. research is to characterize and optimize the crack initiation and

growth fracture resistance A1-Li-Cu (alloy 2090) and A1-Li-Cu-In (alloy 2090+In) for cryogenic

tank applications. The program aims to understand microscopic fracture events; as influenced

by ambient to cryogenic temperatures, stress state and microstructure. The specific goal is to

determine the mechanisms associated with delamination and transgranular shear (TGS) fracture.

Statu_

The current work in this project has been focusing on the details of the mechanisms

associated with fracture of 2090-T81 at intermediate temperatures in the range 25 °C to -185 °C

and on the microtexture of fracture. Previous work has focused on the fracture behavior at the

two extreme temperatures. To gain a better understanding of the mechanisms of fracture tensile,

notched tensile and toughness tests were conducted at intermediate temperatures. In addition,

microtexture studies were conducted using the Electron Backscattered Pattern (EBSP) technique.

Recent Results

Fracture toughness R-curve behavior was determined at intermediate temperatures using

12.0 mm thick side-grooved compact tension (CT) specimens in the LT orientation. The largest

increase in toughness, as determined by R-curve behavior, was observed to occur from -155 °C

to -185 °C. Associated with the increase in toughness at -185 °C was an increase in the occurrence

of large delaminations. In addition, long range transgranular shear in which numerous grains are

traversed by a single shear crack, as observed at ambient temperature, tends to "break-up" as the

test temperature decreases.

Transverse uniaxial tensile specimens and longitudinal notched tensile specimens were

machined from the plate midplane and tested in the temperature range 25 °C to -185°C. There was
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afairly linear increasein uniaxialyield strengthwith adecreasein temperaturetypical of 2090

in the T81 condition. Therealsowasan increasein thework hardeningexponent,n, with a

decreasein temperature.Thelargestchangein nwasobservedto occuratthe lowesttemperature

andisprobablyrelatedto morehomogenousdeformationat-185°C. Similarly,effectiveplastic

strainto failure(%f)increasedwith decreasingtemperature.

Grain orientationof individual (sub)grainswasdeterminedusingtheEBSPtechnique.

A typical microtextureanalysisaroundtheareaadjacentto adelaminationinvolvedobtainingan

EBSPpattemacrossa300_tmlinearregion. EBSP{ 111} polefiguresarounddelaminationsat

the midplane were similar to the X-ray pole figure.Resultsof EBSP analysisindicatethat

delaminationstypically occuralonghigh angleboundaries(27* to 40*). In addition, it was

observedthat one grain adjacenta given delaminationwas within 15° of the ideal brass

orientation. In somecases,thesecondgrainhadanorientationcloseto theS orientation.

Milestones

In the next six months, a fourth publication will be completed and published. Significant

progress will be made toward the completion of the PhD dissertation.

Presentation Graphics Captions

1. Title.

2. Problem statement and program objective.

3. Current program emphasis.

4. Backscattered SEM images of the through thickness microstructure of 2090 in the near

peak aged condition.

5. R-curve fracture toughness behavior increases with decreasing temperature with

the largest increase between - 155 °C and - 185 *C.

6. Kj_ci was determined from the intersection the power law regression line of the J-Aa data

and the 0.1 mm offset of the blunting line. In the temperature range 25 ° to -155°C, Km_

remains almost constant, but increases between -155 °C and -185 °C.
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12.

13.

14.

15.

16.

17.

Both yield strength and work hardening exponent increased with decreasing temperature

typical of 2090-T81 plate.

Effective plastic strain to failure increased with decreasing temperature presumably due

to more homogeneous deformation at the cryogenic temperature.

Increase in fracture toughness at -185 °C was associated with an increase in delamination

fracture.

Higher magnification of delaminations associated with fracture at -185 °C.

Schematic of instrumentation employed for EBSP studies of boundary misorientation and

microtexture analysis.

L-S section of a compact tension specimen tested at -185°C showing typical

delaminations examined using the EBSP technique.

(Sub)grain botmdary misorientation indicating that delaminations occur at high

angle boundaries with a misorientation of approximately 27 ° to 400.

X-ray {111} pole figure at the midplane of 2090-T81 plate indicating a strong

deformation brass texture.

EBSP { 111 } pole figure at the midplane of 2090-T81 plate around a delamination

showing good agreement with the X-ray pole figure.

Backscattered images of interrupted notch tensile test showing delaminations occurred

at boundaries with significant amounts of precipitation.

Summary.
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Fracture surface cross section of 2090-T81
as a function of temperature.



c_
q4m

O

C_

I/

_CO

|

L C_

C_ lid
L _

LL _

oE
|m

C_ C_
O •

Cl_oo
_n

-- 0

C_
IIm

q_

o



0
.1= •

0

E

(.-
(I)

E

0

CO



cO

e,,<
111°
N w
m

0111
n

Z n
m

.al

8



UJ

p-
LL
0
za
Oz
m

I-'f3
OZ
zo

I.i. ,,_

(/)LU
<l:m
IJJ

0
Z
<--
Z,<
0 E
--(3

<m

Z(/)
LLI_

n-
O
(/)
m

C3

C3
Z
03
C
0

m

04 L

E

,_c

:3

•6aa 'al6uV uo!_eluaHos!lN

n-
O



'I'==
CO

c_
0"1
0

0

O'l
IlI

0
a.

'1"

_c

0

X



C
0

iim

t_
e-

E
t_

£3
"0
r=
:3
0

e"
0

Ill

03

n-
cU

0

L_

m

a.
u_
rn
LL!

a

$

Q.



iii

I

(/)
UJz

!!1
!--
11_
O0
(/)
wO
(3z
<{_o o
_w_
mm

,<
rr rr _-

!--
Z

<l:--
(ju.
u) O
Ew
Oz
.:{<{
El

I

--E

>

U)
13) --

E

=:

(n

.3_ __

.Q







Project#3 EFFECTS OF AGING AND TEMPERATURE ON
FRACTURE OF AA2095 AND AA2195

Cynthia L. Lach and Richard P. Gangloff

THE DUCTILE

Ob_iective

The objective of this research is to characterize the effect of cryogenic to mildly elevated

temperature on the tensile deformation and fracture toughness of an emerging composition of

WeldaliterM-type alloys. We will determine quantitative stress versus strain data, and initiation

and growth fracture toughnesses, as well as the associated microscopic fracture mechanisms, and

conduct micromechanical modeling in order to understand temperature-dependent fracture.

Status

Two Weldalite TM compositions were selected for study to examine the limits of the Cu

and Li levels for the alloy registered as AA2095. Specifically, a high Cu-Li alloy (A1-4.64Cu-

1.53Li-0.34Ag-0.37Mg-0.17Zr; wt%) at the upper extreme of the AA2095 specification, and a

low copper alloy (A1-4.04Cu-l.00Li-0.37Ag-0.36Mg-0.15Zr; wt%) at the low end of the

AA2095 composition specification, and in the middle of the AA2195 specification, were chosen

for evaluation. Uniaxial tensile stress-strain relationships and J-Integral based crack initiation

and growth fracture toughnesses were determined as a function of temperature for AA2195 (aged

for 30 hours at 143°C). Selected tests were conducted on AA2095 aged for 20 hours at 143°C for

comparison purposes.

The following experiments were conducted on the alloy variants during this reporting

period: ICP chemical analysis at various locations through the thickness of the plate, an extended

aging study, precision modulus tests at -180°C and 25°C, and uniaxial tensile and fracture

toughness tests from -185°C to 135°C.

ReCent Results

The results of the chemical analyses of all of the alloys suggest a significant level of Cu

segregation, as indicated by the consistently low Cu content at the mid-plane (t/2) location. The
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leastamountof Cusegregationwith respectto themid-planewasobservedfor X2095(AA2095),

while thegreatestwasobservedfor theX2095(AA2195)alloy.

ThehighCu-Lialloy variant(AA2095)didnotoverageat 143°Cin 768hours,while the

low Cu-Li variant(AA2195)beganoveragingbetween100and198hours.

The modulusof AA2195 (agedfor 30hoursat 143°C)increasesby approximately6%

fromambientto cryogenictemperatures(-185°C).Increasedyield strengthandworkhardening

areobservedfor eachalloy with decreasingtemperatureto cryogeniclevels. For agivenyield

strength,thefracturetoughnessvaluesweresignificantlylower for thehigh Cu-Li alloy variant

atboth testtemperatures.This resultwassupportedby thepresenceof a largevolumefraction

of undissolvedparticles in the high Cu-Li variant because its composition exceedssolid

solubility at the solutiontreatmenttemperaturethatwasemployed,asdiscussedin previous

progressreports

Milestones

Fracture surfaces will be examined by SEM to detect temperature dependent changes in

the details of the microvoid-based fracture process.

The critical plastic strain-controlled model developed by Ritchie and coworkers will be

employed to predict the temperature dependence ofKj_ c based on measured tensile properties for

the initial aging study that was conducted on both alloys.

Presentation Graphics Captions

1. Title.

2. Objective.

3. Approach.

4. The table displays the registered compositional limits of Weldalite TM 049 alloys. The

original lean and rich chemistries were chosen to reflect the upper and lower limits of the

X2095 alloy. The lean variant (4.wt%Cu-l.0wt%Li) also falls in the middle of the

AA2195 specification.

5&6. Previous work has shown that AA2195 had variations, through the plate thickness, with

respect to texture and microstructure. Alloy AA2095 exhibited only texture variations
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9&lO.

through the thickness. Thus, standard inductively coupled plasma (ICP) chemical

analysis was conducted on samples, in the form of shavings, which were dry milled from

various locations through the thickness (if8, t/4, t/2, 3t/4 and 7t/8) of the 12.7 mm plates.

The values plotted in this figure represent the averages of triplicate analyses. The data

appear well behaved and exhibit very little scatter.

The upper and lower limits the registered composition limits of AA2095 and AA2195 are

shown as horizontal lines. The results of the chemical analyses suggest a significant level

of Cu segregation, as indicated by the consistently low Cu content at the mid-plane (t/2)

location. The least amount of Cu segregation with respect to the mid-plane was observed

for AA2095, while the greatest was observed for AA2195 alloy. AA2095 has an average

through-the-thickness (bulk) chemistry of 4.64wt%Cu which is outside of the registered

composition specification (3.9-4.6wt%). For AA2195, the bulk chemistry is 4.04wt%Cu

which falls within the specification of(3.7-4.3wt%); however the midplane chemistry is

3.58wt%Cu, which is outside of the composition specification.

An aging study was conducted at 143°C for the two X2095 alloy variants to characterize

more completely the age hardening response of this alloy. Originally, the aging study was

conducted up to 100 hours, as depicted by the open symbols in the figure, however,

neither alloy overaged in that time frame. Results of an extended aging study (24, 72,

100, 198, 334, 408, 502, and 768 hours) are shown as filled symbols in the figure. The

high Cu-AA2095 with high Cu-to-Li was stable with respect to hardness throughout the

768 hour time frame. No evidence of overaging was observed, as a hardness of 92.0 +/-

0.4 HRB was maintained from 100 to 768 hours. AA2195 with low Cu-to-Li began to

overage between 100 and 200 hours, which was followed by a hardness plateau through

502 hours, before significantly overaging. The overall hardness results of the extended

aging study were approximately 2 Rockwell B scale (HRB) points lower than the original

study; however, incremental hardness changes with corresponding time changes for 24,

72 and 100 hours, resulted in the same relative change in hardness for the two heat treat

runs.

Tensile results from the initial aging study resulted in a selection of 20 and 30 hour ages

at 143°C for AA2095 and AA2195, respectively. This peak-aging "-T8" condition

attempted to optimize the strength and fracture of toughness of these alloy variants.

Another factor in selecting this aging condition was that the tensile properties of the two

variants were quite similar from ambient to cryogenic test temperatures.

Tensile precision modulus tests were conducted on the X2095 (AA2195) alloy variant

aged for 30 hours at 143°C. Specimens were machined from the mid-plane of the plate

in the longitudinal orientation. The tests were conducted in accordance to ASTM E111,

the Standard Test Method for Young's Modulus, Tangent Modulus, and Chord Modulus

at 25°C and -185°C. An average modulus was determined from three runs per specimen

at each test condition. The modulus of AA2195 (aged for 30 hours at 143°C) increased

by approximately 6% from ambient to cryogenic temperatures (-185°C). The critical
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ll&
12.

13&
14.

15.

16.

17.

18.

19.

20.

alignmentcriteriawasmetfor all of thetestswhile thecoefficientof variationwastwice
asgoodasexpectedfor aluminumalloys.

Uniaxial tensiledeformationbehaviorof AA2195-T8was determinedasafunction of
temperature(-185, -140, -125, -75, -25, 25, 107,and 135°C). Selectedtestswere
conductedonAA2095-T8for comparisonpurposes.Yieldstrengthandultimatestrengths
increasedwith decreasingtemperature.

The effectof temperatureon thepercentelongation(25.4mm gage)is shownfor both
alloy variants. The percentelongation of AA2095 decreasesto a minimum as
temperaturesdecreaseto around20°C. Theincreasein percentelongation,aboutthe
minimum, appearsto be approximatelythe samemagnitudefor both high and low
temperatures.Theminimumelongationfor AA2195isnotascleardueto thewidescatter
in data.However,thepercentelongationminimumfor AA2195 is shifted slightly to the

left of AA2095's minimum, to approximately -25 to - 125°C. AA2195 is more sensitive

to changes in temperature as the percent elongation decreases more rapidly than for
AA2095.

Work hardening exponents are observed to increase for each alloy with decreasing

temperature to cryogenic levels. An absence of work hardening (as calculated between

the yield strength and the ultimate strength) was observed at 135°C for both alloys, and

at 107°C for AA2195 where the yield strength equaled the ultimate strength.

The intrinsic fracture resistance (reduction of area) of each alloy decreases with

decreasing temperature to cryogenic levels, with a particularly strong sensitivity noted

for the low Cu-low Li composition, AA2195-T8.

Tearing modulus, which is used to assess the materials resistance to stable crack growth

after crack initiation was determined for both alloys as a function of temperature. Tearing

modulus decreased with decreasing temperature for both alloys. The largest increase in

T R occurred for AA2195 for the temperature interval from 25°C to 135°C. TR increased
from 11.3 at 25°C to 24.0 at 135°C.

Initiation fracture toughness, Knc, decreases slightly with decreasing temperature for
AA2095. The wide scatter in the AA2195 fracture data makes it difficult to determine

if a slight increase in Kj_c occurs at cryogenic temperatures. For all temperatures,

AA2195 has superior fracture toughness compared to AA2095.

For AA2095, as yield strength increases, a decrease in Kj_c is observed. The reverse

trend is suggested for AA2195.

The tensile and microstructural data for AA2095 and AA2195 were input into the critical

plastic strain-controlled model, presented by Haynes in Project #I, to predict the
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temperaturedependenceof Kj_c for these alloys. The experimental Kj_c results for

AA2195 and AA2095 are compared to the model predictions in this figure. The model

accurately predicted the effect of temperature on Kjic for AA2095. Due to the wide

scatter in KjTc experimental data and the smaller "constituent" particle size for AA2195,

it is more difficult to assess the accuracy of the model predictions. Given the well-

behaved temperature dependencies of modulus, yield strength, work hardening and

intrinsic fracture resistance for this alloy, however, it is reasonable to speculate that the

predicted mildly declining initiation toughness with decreasing temperature is accurate.

Experiments are required to test this hypothesis.

Future Work.

Conclusions.
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Project #4 A Study of Environmentally Assisted Cracking in AI-Li-Cu Alloys 2090 and
2095

F. Douglas Wall and G.E. Stoner

Project Objective:

The objectives of this research project are to define the conditions sufficient to cause

cracking in A1-Li-Cu alloys, to identify microstructural features which may contribute to anodic

dissolution based cracking in PA tempers; to describe the critical solution chemistry changes

associated with cracking under alternate immersion conditions in chloride solution; to develop

an in-situ technique for quantifying EC propagation rates; and to investigate the influence of

material temper, sample orientation, stress intensity level, applied external electrochemical

potential and bulk aqueous environment on the environmental cracking of AI-Li-Cu alloys.

Current Status:

The experimental phase of this research project is approaching completion and efforts are

beginning to focus on data analysis, compilation of a dissertation and publication of findings.

Recent Findings:

Progress this reporting period has been concentrated in the areas of solution chemistry

analysis and crack propagation rate studies.

Solution analysis

Initial experiments in this area were intended to simulate the chemistry which develops

in an isolated pit during the dry cycle of alternate immersion testing in aqueous NaC1. Exposure

of large material surface areas to low solution volumes resulted in the solutions with alkaline pH's

(8-11) and significant dissolved lithium concentrations. This data is in agreement with the

literature for research performed on other AI-Li-Cu alloys. However, the extrapolation of these

data to propagating environmental cracks is not suitable due to the extreme depth to height ratios

of cracks and the subsequent separation of anodic and cathodic reactions.
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Recentlysampleshaving more restricted geometries have been exposed to alternate

immersion in NaCI solution with real-time monitoring of pH as well as post-test pH

determination via freezing and sampling with broad range pH paper. Additionally, post test

analysis has been attempted on DCB specimens of AI-Li-Cu alloys. All data indicates that deep

cracks/crevices are acidic in nature with a pH in the range of 2 to 4.

Spatially resolved solution chemistry analysis of DCB specimens has been attempted

using a frozen ball sampling technique. In this procedure 12 szl droplets are deposited on a frozen

DCB fracture surface after the sample has undergone alternate immersion exposure. The droplets

freeze into the ice layer of the specimen thus sampling the solution chemistry. The droplets are

removed, melted and analyzed using capillary electrophoresis. Although the sampling efficiency

is sufficient to allow identification of A1 and Li ions the technique lacks the reproducibility

required to gain spatial knowledge of ion concentrations.

A new technique has been developed which relies on physical isolation of a "patch" of

frozen solution followed by sampling. Initial results indicate that this system may have sufficient

reproducibility and sampling efficiency to allow new insights into the occluded chemistry which

develops during alternate immersion testing of A1-Li-Cu alloys.

Environmental Cracking

The technique for growing and monitoring in-situ environmental cracks in AI-Li-Cu

alloys has been refined and used to investigate the influence of several experimental variables on

crack rates and fracture surface morphology.

The base-line experiment which is used as a control consists of SL-PA 2095 exposed to

0.1M NaC1 + 0.1M Na2CrO 4 solution, polarized to -0.547 Vsc E and stressed such that the crack

tip stress intensity falls between 10 and 20 MPa-m 1/2. Under these conditions the crack growth

rates are approximately 10Smrn/sec. The environmental fracture surfaces have significant

tortuosity, evidence of ductile features and are covered with extensive corrosion products.

Ramping the applied potential in the cathodic direction once the test has initiated does not

result in cessation of cracking until after net cathodic currents have been measured. Smooth

specimens exhibit a critical EAC potential below which cracking will not occur. This recent data

suggests that the macroscopic experimental conditions for crack propagation are different than
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for initiation. It is likely thatIR dropdownthe crackhascauseda lossof "communication"

betweenthepotentiostatandcrackfront.

Low stressintensitylevelshavebeeninvestigatedin anattemptto definea KmAc for the

systembeingstudied.However,tothispointno lowerboundof appliedstressintensityhasbeen

clearlydefinedat which environmentalcrackswill not propagate.Low stressintensity levels

(KAPPL < 6 MPa-m v2) have resulted in a change in fracture morphology from the control

experiment. Crack fracture surfaces appear fiat with loss of ductile features. This observation

has not been interpreted at this time.

Material temper has been shown to have an enormous effect on propagation rate. Aging

2095 from 4 to 20 hours at 160°C results in a 15X change in crack propagation rates.

Additionally the fracture morphology for the UA samples is relatively featureless, is sparingly

decorated with corrosion products and has been shown to have matching features on opposite

sample halves. These observations indicate the possibility of an embrittlement mechanism

dominating the cracking of the UA materials.

Testing in a bulk environment of NaCl without the presence of an inhibiting specie does

not result in environmental cracking for an applied potential of-0.7 VSCE (anodic to Eoc).

Fractography indicates that overload failure ensues at the end of the fatigue precrack for a large

portion of the central crack front. However, along the edges of the sample extensive attack is

evident stemming from the end of the fatigue crack. Even though this attack was resolvable via

DCPD measurements during the test, it appears to be gross pitting caused by polarization near

the pitting potential.

Future Work:

During the next month the experimental stage of this project will be completed. Emphasis

will be on calibration and implementation of a technique for gaining improved knowledge on the

solution chemistries associated with propagating environmental cracks in specimens alternately

exposed to NaC1 solution and ambient air. The following months (9/95 through 12/95) will be

used for completion of a dissertation and publication of findings.
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Explanatory_ Text for Viewgraphs:

1. Title slide.

.

3.

,

.

.

7.

.

.

10.

11.

12.

Objectives.

Microstructural features considered for anodic dissolution based cracking ofPA A1-Li-Cu

alloys. TEM micrograph shows boundary in PA 2095 decorated with TI particles. Lower

graph is data on Cu depletion taken from Kumai. Our model for a boundary is a high

density of TI phase surrounded by a region of diminished copper content.

This slide lists the materials used to simulate the electrochemical behavior of relevant

boundary phases. The Tt phase was cast as a bulk ingot by Rudy Bucheit (Sandia Labs).

A1-Cu binaries are used to map out the electrochemical behavior of AI as a function of Cu

content. The experimental techniques used to investigate the electrochemical behavior

are also listed. In general, attempts were made to determine electrochemical potentials

which resulted in a change in material corrosion current. These values were then

compared to potentials which result in a change in material environmental cracking

response for the same environment.

These are the relevant data in a NaC1/Na2CrO4 environment for the simulated T_ phase

(upper left), AI with varying Cu content (upper right), TTF of PA 2095 as a function of

applied potential (lower left), and critical potentials associated with an abrupt change in

TTF for various A1-Cu-X alloys (lower right).

An overview of occluded chemistry analysis is presented.

A list of the techniques used to improve understanding of localized chemistry during

propagation of environmental cracks.

Experimental set-up used to simulate a long propagating environmental crack and

resulting data from AI exposure to NaCI environment.

One of the techniques used in an attempt to gain spatial knowledge of crack chemistries

associated with DCB specimens under AI conditions.

An example of the data obtained using the technique summarized in slide #9. Although

sampling efficiency is adequate, reproducibility remains a problem with this technique.

Improved device for obtaining local solution chemistry samples. This rig relies on

physical isolation of solution followed by sampling and analysis. Initial testing indicates

a high sampling efficiency and reasonable reproducibility.

Summary of solution analysis findings.

50



15.

16-17.

18.

19-20.

21-23.

24-25.

Overviewof approach and variables examined in environmental cracking study.

Control experiment for environmental cracking study. Conditions for this test were

derived from electrochemical characterization of model boundary features and results of

TTF testing of smooth bar specimens under constant immersion conditions.

Results of testing in NaC1 without an inhibiting specie present. Although crack extension

is indicated by DCPD data, SEM fractography indicates that gross pitting and not EAC

caused the change in the potential signal.

Effect of changing the applied external potential on the crack growth rate and resulting

environmental cracking fractography. Although the potential is lowered cathodic to the

material critical EAC potential the crack continues to propagate. Optical microscopy and

SEM indicate that this crack developed a very deep front. This is most likely due to the

loss of external electrochemical driving force. It is possible that the crack sides may have

even been cathodically protected to some extent. As the overpotential was shifted in the

cathodic direction the fracture surface morphology changed from an appearance

consistent with the control experiment (slide#14) to a relatively featureless surface. A

mechanistic interpretation of this phenomena has not been developed at this time.

This slide shows the crack length vs. time data typical of a test carried out at an elevated

stress intensity ( K > 24 MPa-mm). Crack bursting events are indicated by DCPD as well

as corrosion current data. These bursts may be due to either an embrittlement phenomena

or ligament failure lagging the crack front. It is interesting to note that at these stress

intensities the crack front is under plain stress conditions.

The effect of low stress intensity (K< 6 MPa-m I/2) on environmental cracking is shown

in these two slides. Experimentation at low K levels was carried out in order to determine

a K_EAC value for these experimental conditions; however, no limit was conclusively

determined below which a crack would not propagate. Similar to the case for reduced

electrochemical driving force, reduced stress intensity results in a change of fracture

morphology from that associated with the control (slide#14) to a relatively featureless

surface.

These slides examine the cracking behavior of 2095 and 2090 as a function of

thermomechanical processing. A strong correlation exists between crack growth rates and

material temper. UA materials have been observed to crack at rates between 15 and 1000

times faster than PA materials. Additionally, differences in fracture morphology suggests

that cracking of PA materials in accompanied by extensive materials dissolution while

cracking of UA materials appears to be due to brittle failure.

A UA 2095 sample was tested in the LT orientation in order to determine if the high crack

velocities associated with this temper were a high angle boundary phenomenon. Crack

growth rate data indicates several orders of magnitude change in velocity with changing

orientation. Post test failure of the specimen resulted in cracking along a direction
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26.

27.

perpendiculartothefatiguecrackplane.Fractographysuggeststheembrittlementof high
angleboundaries.

Thisslideshowsthemisorientationof materialalongoppositesidesof anenvironmental
crackgrownundercontrolconditions(slide#14). Kikuchi patternsweregeneratedand
indexedin orderto determinemisorientations.Crackingundertheseconditionsfollows
highanglegrainboundaries.

Generalsummaryandconclusionsof presentedresearch.
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Determine if the grain boundaries can provide a pathway for anodic

dissolution based environmental cracking. What microstmctural

feature defines the active path?

Analyze the occluded chemistries that develop in an isolated pit and

in a propagating environmental crack. Determine conditions (pH,

ions present) which are necessary for crack initiation and crack

propagation.

Develop a technique for growing and monitoring cracks in A1-Li-Cu

alloys under constant immersion conditions. Use the technique to

examine the effect of EAePL,KAPpL, material temper and bulk aqueous

environment on crack propagation rates.
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Conditions sufficient to cause in-situ environmental cracking.

Environmental factors associated with cracking during AI exposure

in aqueous NaC1.

Effects of changing macroscopic variables on EC of alloy 2095.
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Materials used to model GB features:

T1 phase (A12CuLi)

A1 with varying Cu content

bulk ingot casting of

2Al: 1Cu: 1Li

99.99 A1

A1-0.10 Cu

A1-0.98 Cu

A1-3.96 Cu

Techniques used to assess behavior of GB features:

Cast T1 "potentiodynamic polarization _ E_g (Era)

A1-Cu • scratching electrode experiments _ E_

Technique for assessing EAC Behavior

of Tempered AI-Li-Cu alloys:

Constant extension / scratching electrode experiment

ECRIT-EAC
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Stressed samples of A1-Li-Cu alloys generally do not fail during

constant immersion in aqueous chloride environments but rapidly fail

during alternate immersion testing in the same environment.

What happens to the pit chemistry when the sample is removed from

the bulk aqueous environment?

The pH and ionic makeup of solution within an isolated pit has been

experimentally modeled by exposure of large areas of material

surface to small volumes of chloride solution.

pH microelectrode _ alkaline pH : 9-11

capillary electrophoresis ' significant [Li÷] : mMol

Under constant immersion conditions the pit chemistry is too

aggressive and a sharp crack cannot be initiated/maintained.

Removal of a pitted sample to ambient air results in the development

of an alkaline pH, absorption of CO2 and the subsequent formation

of a specie causing passivation of crack walls.

:_,_i_i_',_,Q_S_iji_i'_',__,

Is this chemistry maintained as the crack propagates away from the

initiation site? What pH and solution makeup are associated with a

propagating EAC crack?
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Alternate immersion in aqueous NaCI:

pre-cracked DCB specimens

model crevice

pH measurements

micro-electrode mounted in center of model crevice (real-time)

pH paper used to investigate frozen surfaces (post exposure)

Solution analysis

Isolation of solution from DCB samples followed by speciation

and quantification using capillary electrophoresis
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Methodology:

I
i

LN.

1. Freeze sample in

liquid nitrogen.

2. Remove from LN2and load to failure.

3. Place sample in tub of LN 2 to maintain

temperature and provide Ne blanket.

/
4. Deposit 12ul droplets of sampling solution

onto specimen fracture surface.

r I --"

5. Place frozen samples
into vials to thaw.

6. Analyze samples using
capillary electrophoresis.
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Sampling efficiency of solution isolation rig for 0.05 M K_MoO4

+0.05 M MgSO4 extracted from an artificial 0.060 mm crevice:

trial# Efficiency

1 70%

2 60%

3 73%

3+4 95%
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Model experiments indicate that the solution in an isolated pit is

likely to develop an alkaline pH and a significant Li+ concentration

during the dry cycle of an AI experiment in NaC1 solutions. This

environment may be critical in the initiation of environmental cracks.

Model crevices in AI exposures develop an acidic pH which remains

acidic independent of wet or dry cycle. This condition is

representative of a long environmental crack and suggests that an

acidic pH dominates crack tip chemistry during propagation.

Techniques such as the frozen ball method and the solution isolation

rig are promising for broadening knowledge of spatially resolved

crack tip chemistries.
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Approach

Use knowledge of boundary feature electrochemistry and TTF

behavior of statically loaded smooth bar specimens to select

environmental and electrochemical conditions likely to result in

crack initiation under constant immersion conditions.

Change variables to deviate from this base-line condition and

examine effects on EC behavior in terms of crack propagation

rates (quantitative) and crack path fractography (qualitative).

Variables examined

Bulk solution chemistry: NaC1 + NaaCrO4 vs. NaC1

Applied overpotential : constant vs. ramp towards cathodic

Stress intensity : low, intermediate, high (2-5, 10-20, 24-26

MPa.m 1/2)

Material temper : UA vs. PA

Crack path : high or low angle, SL vs. LT
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Temper" 2095 (SHT+CWQ+6.5%STR+20hrs@143°C)

Sample orientation SL

Sample geometry" WOL (ao= 9.1 lmm; b = 3.175mm; w =
36.58mm)

Bulk environment" 0.6 M NaCI (aerated)

Applied potential EAVpL,AW=-0.700 VSCE

Target stress intensity • 16.5 MPa-m 1/2
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Temper PA 2095 (SHT+CWQ+6%STR+30hrs@ 143°C)

Sample orientation" SL

Sample geometry" WOL (ao= 9.1 lmm; b = 3.175mm; w =
36.58mm)

Bulk environment" 0.1M NaC1 + 0.1M Na2CrO4 (aerated)

Applied potential" E_PL,AVE=-0.547 VSCE

16 9O

0 10 20

Time (hours)

Target stress intensity 24 MPa-m _

Average crack velocity •2x10 -_mm/sec

30 40

80

70

40 r,.)

30

2O

10

Crack bursting not observed for samples loaded between 4 and 20
MPa-m 1/2. Bursting events can be accounted for by either

embrittlement at the crack tip causing local resistance to crack

growth to fall below applied mechanical driving force, or by failure

of ligaments lagging the average crack front.
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Temper" PA 2095 (SHT+CWQ+6%STR+30hrs@143°C)

Sample orientation SL

Sample geometry" WOL (ao= 9.1 lmm; b = 3.175mm; w =
36.58mm)

Bulk environment" 0.1M NaC1 + 0.1M Na2CrO4 (aerated)

Applied potential • E_PL, AW =-0.547 VSCE

Target stress intensity •4 MPa-m v2
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16
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12

11
0

25

K_ppI
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E
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50 75 100 125 150 175 200

average da/dt
7xl 0 -6 mm/sec

Time (hours)

13.9 5

13.7

13.6 3 if,

13.5 2 m

13.4
<

13.3 1
0 20 40 60 80 100 120 140 160

Time (hrs)

da/dt (mm/sec)

[1] lxl0 5

[2] lxl 0 -6

[3] 5x10 -6





Sample orientation : SL

Sample geometry : WOL (ao= 9.1 lmm; b = 3.175mm; w =

36.58mm)

Bulk environment : 0.1M NaC1 + 0.1M Na2CrO4 (aerated)

Applied Potential : EAPPL< EcRrr-EAC(-0.515...-0.547 VSCE)

Allo3_ Stretch Aging [t(hrs)@T(°C)] da/dt (mm/sec)

2095 6% 20 @ 143 lxl0 -5

2095 6.5% 30 @ 143 lxl0 -5

2095 0% 5 @ 143 5xl 0-4

2095 0% 14 @ 143 8xl 04

2095 0% 25 @ 143 3x10 -4

2095 0% 35 @ 143 7x10 -4

2095 0% 45 @ 143 3x10 -4

2095 0% 20 @ 160 2xl 0-5

2095 0% 4 @ 160 5xl 04

2090 3.5% 14 @ 160 lxl0 -5

2090 0% 3 @ 160 2xl 0-3

Many of the 0%stretch UA alloys exhibited growth rates greater than
lxl 0 -3 mm/sec for significant periods. The listed numbers indicate

the longest sustained continuous growth rates.



14.5

14.013.5

13.0

12.5

0

[1] 7e-6; [2] 2e-5 mm/sec

5 10 15 20 25 30

Time 0trs)

2095 (20 hrs @ 160°C)

35

28

26

24

22

20

18

16

14

12

10

[1] 7e-6; [2] 5e-5; [3] 2e-4; [4] 5e-4; [5] 2.5e-4 mm/sec

I I I I I f f I I I

0 5 10 15 20 25 30

Time (hrs)

2095 (4 hrs @ 160°C)
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2095-B-PA : Copious corrosion products,
heavily attacked fracture surface.

• !....... •_•

:. ._ ii_iI . .:_ .

2095-D-UA : Less corrosion evident compared to PA,
matching fracture surfaces indicative of brittle failure.



Temper UA 2095 (SHT+CWQ+0%STR+5 hrs@143°C)

Sample orientation' SL / LT

Sample geometry" WOL (ao= 9.1 lmm; b = 3.175mm; w =
36.58mm)

Bulk environment" 0.1M NaC1 + 0.1MNa2CrO4 (aerated)

Applied potential E_PL,AW =-0.520 VSC_

1.e-3
O_

r,.)

1.e-4

I

2095-D SL

n_

2095-D LT
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AD based cracking along bound_axies in A1-Li-Cu alloys

* The T1 phase and Cu depleted A1 may contribute to defining an
active pathway.

* The electrochemical behavior of Cu depleted AI appears to define

the critical EAC potentials under the conditions investigated.

Occluded solution chemistry_ analysis

* Models for isolated pits suggest an alkaline environment and
passivating specie are necessary for EC initiation under AI
conditions in aqueous NaC1.

* Models for deep cracks indicate the development of an acidic pH
during crack propagation.

* Techniques for spacially resolving crack tip chemistries are being
developed.

Crack propagation studies

* Conditions have been defined under which environmental cracks

can be studied in-situ for A1-Li-Cu alloys in constant immersion.

* Cracking has not been observed under constant immersion in NaC1

solution without the presence of an inhibiting specie.

* Propagating environmental cracks did not arrest when the

externally applied potential was reduced below Ecmrr-EAc

* Reduction of crack driving forces such as applied potential and

stress intensity resulted in a change in crack morphology.

* EC behavior is a strong function of material temper. UA tempers

of 2090 and 2095 exhibit accelerated growth rates and fiat, matching
fracture surfaces with little corrosion product build-up.

* Cracking occurs along high angle grain boundaries for the
conditions investigated.





Project #5 Hydrogen Trapping and its Correlation with the Hydrogen Embrittlement

Susceptibility of AI-Li-Cu-Zr Alloys

Stephen W. Smith and John R. Scully

Research Objectives:

The goal of this project was to develop a fundamental understanding of the effects of

internal lattice and trapped hydrogen on the mechanical properties of selected A1-Li-Cu-X alloys.

The program focused on unrecrystallized alloy 2090, an AI-Li-Cu-Zr alloy within the specified

compositional range of AA2090 which has been recrystallized to varying grain sizes, and

complimentary model alloys. We proposed to: (a) distinguish HEAC from aqueous dissolution

controlled EAC by using a novel precharging procedure, (b) correlate hydrogen induced EAC

with mobile and trapped hydrogen concentrations, (c) identify significant trap sites and hydride

phases (if any) through utilization of model alloys and phases. Following identification of

relevant hydrogen trap sites, the emphasis during the last 2 quarters has centered on comparing

hydrogen concentrations produced from the novel precharging procedure to hydrogen levels

produced during conventional aqueous alternate immersion exposure and straining electrode

testing. Additionally, the role of dynamic straining in promoting hydrogen uptake and

repartitioning was investigated during the last reporting period. This program ended in the spring

of 1995

Current Status

This project has been completed and a Ph.D. degree has been awarded to Mr. Steven W.

Smith. Dr. Smith has accepted an NRC Post-Doctoral Research Position with R. S. Piascik at the

NASA- Langley Research Center.

Project Finding_

A novel method was successfully utilized to unambiguously separate the competitive roles

of anodic dissolution and absorbed hydrogen in an A1-Li-Cu-Zr alloy (AA 2090) that is

susceptible to environmentally assisted cracking. Specifically, a nickel-coating procedure was

utilized to cathodically pre-charge alloys with hydrogen without damage due to corrosion. Pre-
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chargedsamplesweretestedin air, exploiting the strong hydrogen permeation barrier of the

native A1 oxide film to retain intemal hydrogen. Aqueous stress corrosion was thereby completely

decoupled from hydrogen embrittlement phenomena. The decoupled effects of internal hydrogen

on environmental fracture were evaluated by studying commercial unrecrystallized AA2090 sheet

as well as a model recrystallized A1-Li-Cu-Zr alloy with a composition within the specified range

of AA 2090. The model recrystallized alloy was fabricated in three different grain sizes and

tested in the underaged (UA) and peak aged (PA) tempers. Unrecrystallized AA2090 in the LT

and TL orientations was studied in the T3, UA, and PA tempers. The anisotropic nature of the

AA2090 microstructure and the range of recrystallized grain sizes relative to expected plastic

zone dimensions were exploited in an attempt to examine hydrogen embrittlement, if operative,

on either (a) sub-grain boundaries, (b) transgranular slip planes, or (c) high angle grain

boundaries. Continuous extension rate testing (CERT) of smooth tensile specimens and J-integral

resistance curve testing of pre-cracked specimens at slow actuator displacement rates were

employed to assess the effects of internally dissolved and trapped hydrogen on ductility and

fracture initiation toughness.

Hydrogen operated in two primary ways to induce embrittlement under the limited

conditions investigated. Hydrogen promoted high angle grain boundary crack initiation when

such boundaries presented a favorably oriented hydrogen assisted cracking path and stress

concentration was sufficient. This occurred in J-integral fracture toughness testing of the fine

grain recrystallized material (UA and PA) and to a lessor extent in commercial AA2090 in the

TL orientation (UA and PA). Hydrogen also promoted the localization of shear deformation into

less numerous, narrower bands. This was observed in CERT test results on unrecrystallized AA

2090 particularly in the T3 and UA tempers. A decrease in K_ for unrecrystallized AA 2090 was

also observed for material in the T3 condition that was linked to the presence of finer, more

numerous microvoids on transgranular fracture initiation surfaces. In no cases was

intersubgranular cracking observed even though this cracking path would have been favorable

in both the LT and TL orientations of unrecrystallized AA2090.

Embrittlement trends were correlated with hydrogen-metal defect interactions using

thermal desorption spectroscopy (TDS). Trapping analysis was conducted after performing the

same hydrogen charging procedure as utilized for CERT and fracture toughness testing. Six
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metallurgicaltrapping states have been identified. Lower binding energy hydrogen trap sites

included solid solution lithium and 8 ". Higher energy states were correlated with dislocations, Tz,

T2 or TB particles, and high angle boundaries. Trapping at subgrain boundaries was not observed

when comparing unrecrystallized to recrystallized materials.

The tendency for high angle grain boundaries (containing TI, Tz and/or TB particles) to

provide a favorable hydrogen assisted cracking path correlated with the observation that high

angle boundaries and T particle are strong hydrogen trap sites. Hydrogen trapping at dislocations

is consistent with the notion of hydrogen enhanced slip localization. This effect is due to trapped

hydrogen as a dislocation atmosphere lowering the interaction energy between dislocations;

thereby lowering the shear stress required to sweep dislocations through a lattice containing other

dislocations. However, modelling to date on dislocation interaction energies has only dealt with

a limited number of dislocations. It is unclear whether such results would apply to a more

complicated situation involving heavily deformed structures containing planar slip bands as well

as shear deformation bands across multiple high angle boundaries in AI-Li-Cu alloys. The fact

that subgrain boundaries were not an observed cracking path can be rationalized in the context

of a low energy dislocation structure which does not trap hydrogen. However, the presence of

hydrogen trapping TI particles on such boundaries would seem to make them an eligible cracking

path. It could be argued that the decohesion forces required are significantly higher at subgrain

boundaries compared to high angle boundaries.

TDS analysis has also produced direct evidence of significant hydrogen absorption during

aqueous alternate immersion exposure testing and either enhanced uptake or transport of

hydrogen via dislocations during straining electrode testing in aqueous full immersion or moist

air. Enhanced hydrogen absorption occurs during conventional stress corrosion cracking testing

of AI-Li-Cu-Zr alloys compared to the nickel coated precharging procedure. Moreover, hydrogen

transport via dislocations was implicated as the cause of the internal redistribution of hydrogen

from sites of lower binding energy to sites of higher binding energy.

Future Plans

A follow-on project emphasizing localized corrosion, and the transition to stress corrosion

cracking initiation and SCC propagation will investigate two advanced aerospace AI-Li-Cu
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alloys. Thealloysof interestareAA 2096andC155whichhavenearly identicalCu/Li ratios.

One alloy containsAg as a precipitation promotor while the other contains Mn. These

compositions present an interesting scientific opportunity in terms of linking composition and

microstructure to localized corrosion, SCC and hydrogen trapping. (See additional information

below for objective, approach and expected payoffs).

List of Presentation Overheads

1. Title.

2. Proposed EAC mechanisms for A1-Li-Cu-Zr alloys existing in the literature.

3. Project objectives.

4. Procedures utilized for introducing pre-dissolved hydrogen in A1-Li-Cu-Zr Alloys.

5. Absorbed hydrogen concentrations measured for AA2090 after several testing conditions.

SET = straining electrode test, AI =altemate immersion.

6. Mechanical properties data for the unrecrystallized AA2090 and the three variants of the

recrystallized A1-Li-Cu-Zr alloy used for mechanical testing.

7. Continuous extension rate test results for smooth AA2090 specimen tested with absorbed

hydrogen. All testing was performed at a strain rate of 2.5 x 10-6 sec t.

8. J-integral results indicating the stress intensity at initiation for fatigue precracked AA2090

tested with absorbed hydrogen using the nickel coated charging procedure.

9. J-integral results indicating the stress intensity at initiation for fatigue precracked

recrystallized AI-Li-Cu-Zr tested with absorbed hydrogen using the nickel coated

charging procedure.

10. Summary of findings from mechanical testing of A1-Li-Cu-Zr alloys.

11. Relevant questions to be investigated developed from mechanical testing.

12. Deconvolution of hydrogen desorption rate data from AA2090-UA and the identification

of major trapping states. (precharged using the nickel coated charging procedure).

13. Hydrogen desorption rate vs. time data for an A1-3% Li binary alloy tested in the solution

heat treated (SHT), SHT + 5 hrs. @ 160°C, and SHT + 25 hrs. @ 160°C tempers.

56



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hydrogenpartitioningdatafor AA2090andtheA1-3%Li binaryasa functionof aging
condition. This plot shows that a lower fraction of the total internal hydrogen
concentrationis trappedatLi in solid solution(peaks1and2) with agingin accordance
with theexpectationthat Li is depletedfrom solid solutionwith aging.Conversely,the
fractionof hydrogenpartitionedatT particles(peaks5 and6) andhighangleboundaries
is increasedwith aging.

Hydrogendesorptionspectraand hydrogenpartitioning data for AA2090-UA. Data
identifiedasbeingprestrained3%representsspecimensthatwerestrainedat aconstant
crossheaddisplacementof 2x 10.6sec1to atotal strainof 3%beforebeingcharged.An
enhancementof hydrogentrappedatdislocationsresults.

Hydrogendesorptionspectraandhydrogenpartitioningdatafor afine andlargegrained
recrystallizedA1-Li-Cu-Zralloy.A lowerfractionof hydrogenis observedonhigh angle
boundaryand T sites(peaks5 and 6) in accordancewith a lower density of grain
boundarysitesin thecoarsegrainedmaterial.

Summaryof thetrapsite identificationmethodologies.

HydrogendesorptionspectraandhydrogenpartitioningdataforAA2090. Dataidentified
asbeingstrainedto 3%representsa specimenthatwascathodicallychargedthenstrained
ataconstantcrossheaddisplacementrateof 2 x 10 -6 sec "1to a total strain of 3 %. A fixed

internal amount of hydrogen exists and some of it is shown to repartition from 6' sites

(peak 3) to dislocations (peak 4).

Hydrogen desorption spectra for AA2090 specimens cathodically charged under a

straining electrode test. The specimens were preloaded to 75% Oys and strained at a

constant cross head displacement rate of 2 x 10 -6 sec "I while being polarized at -2 VSCE in

a pH 1 HC1 solution. An increase in the amount of hydrogen at dislocation traps is

observed indicative of enhance hydrogen absorption during dynamic straining as well as

dynamic trap site formation during straining.

Hydrogen desorption "difference" spectra for AA2090 specimens following fracture

toughness testing. The desorption rate data from a sample cut far from the plastic zone

was subtracted from the spectra of a specimen containing the fracture process zone. The

results indicated that dynamic strain enhances hydrogen absorption and trapping at
dislocations even in moist lab air.

Summary of plausible hydrogen transport processes.

Conclusions.

Conclusions (cont.)

Summary of Conclusions.

57



58



HYDROGEN INTERACTIONS AND THEIR

CORRELATION TO THE HYDROGEN

EMBRITTLEMENT SUSCEPTIBILITY OF

AI-Li-Cu-Zr ALLOYS

Stephen W. Smith

and

John R. Scully

University of Virginia

Department of Materials Science and Engineering

Center for Electrochemical Sciences and Engineering

Charlottesville, VA 22903

Sponsors:

NASA Langley Research Center

Virginia Center for Innovative Technology

Alcoa Technical Center
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Aqueous dissolution

• Prefel_ential T I dissolution at boundaries [Buis 92, Buchheit 90, Colvin

86, Bavarian 891

T 1 has been shown to be electn)chemically active with lespect to the

matrix.

T 1 does not piDvide a continuous active path for dissolution•

T 1 does not precipitate exclusively at high angle groin boundaries.

T 1 is just as lnevalent, if not mol'e SO, along subglains and

dislocations.

Hydl_gen Embritflement

• Pre-dissolved hydrogen has been shown to affect IG cracking [Shin 89,

Shin 901

• Pie-dissolved hydl_gen has been shown to affect TGS [Meletis 89]

Hydlvgen effects have not been adequately decoupled firm AD.

Evidence for hydlvgen intemctio_ls ale cil_umstaatial.

• A hydride phase (AILiH4) has been observed during concunent

straining and cathodic chalging [Bal_ubramaniam 91, 91a].

The miclvstructme used to promote the hydride folmation is not

charactezistic of a commel_ial micl_shuctme.



• Distinguish hydrogen induced EAC from aqueous
dissolution controlled EAC

• Mechanical Testing of pre-charged specimens
Continuous Extension Rate Testing (CERT)

J-Integral R-Curve Testing

• Identify significant hydrogen trap sites and hydride phases
(if any), present in selected AI-Li-Cu-Zr alloys

• Characterized hydrogen partitioning as a function of

microstructural features and aging condition
Thermal Desorption Spectroscopy (TDS)

• Correlate internal hydrogen embrittlement (IHE) with
mobile and trapped hydrogen concentrations and operative
trap sites



1.Cathodic polarization of Ni-coated alloys

Sputter etch native AI203 under high vacuum -- deposit 400A nickel coating

-- cathodic polarization in buffered solution for 28 days _ mechanical testing

/ TDS

2.Straining electrode test (SET)

Straining of flat tensile electrode at eng. strain rate of 2x10 6 sec a in a pH 1

HCI solution at -2VscE, for approx. 4 hrs. to a total strain of 3% -- TDS

(after J. Albrecht, I.M. Bernstein, A.W. Thompson, Met. Trans. 13A, 1982)

3.Alternate immersion (AI) aqueous exposure

AI in 3.5 wt.% NaCl/moist air, at 70% yield strength (UA) or 80% yield

strength (PA) for 84 days -. TDS / metallographic observation
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Total Absorbed Hydrogen Concentrations

(Trapped + Lattice) in AA2090
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Materials

Commercial AA2090 - unrecrystallized:

AI - 2.15Li - 2.56Cu - 0.12Zr, wt.%

4400 lain x 600 lam x 10 _un grain size, 5-10 _un subgrains

T3: solutionized and cold worked Oy s

Underaged (UA): T3 + 5 hrs. @ 160°C Oy s

Peak aged (PA): T3 + 25 hrs. @ 160°C Oy s

= 255 MPa;

= 296 MPa;

= 434 MPa;

oUT S = 303 MPa

oUT S = 476 MPa

oUT S = 572 MPa

Recrystallized AI-Li-Cu-Zr:

AI - 2.05Li - 2.27Cu - 0.09Zr, wt.%

30 pm equiaxed grains (FGR)

Underaged (UA): T3 + 5 hrs. @ 160°C Oy s

Peak aged (PA): T3 + 25 hrs. @ 160°C Oy s

= 303 MPa;

= 400 MPa;

oUT S =421 MPa

oUT S = 496 MPa

800 x 800 x 100 lain (MGR)

Underaged (UA): T3 + 5 hrs. @ 160°C Oy s

Peak aged (PA): "I"3 + 25 hrs. @ 160°C Oy s

= 241 MPa;

= 400 MPa;

1200 x 1100 x 250 lain (LGR)

Underaged (UA): T3 + 5 hrs. @ 160°C Oy s

Peak aged (PA): T3 + 25 hrs. @ 160°C Oy s

= 296 MPa;

= 379 MPa;

oUT S = 379 MPa

oUT S = 490 MPa

tensile properties for L oriented flat tensile specimens tested in lab air

oUT S = 393 MPa

oUT S = 434 MPa
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How many trapping states exist in AA2090 and what

microstructural features are they associated with?

How does aging affect trapping and can this explain ItlE

behavior?

Is hydrogen absorption during AI/SCC or concurrent

polarization/straining dominated by dislocation transport

or mechanical destabilization of passive films coupled with

locally high hydrogen fugacities?

Can a fixed concentration of internal hydrogen

during straining?

repartition
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Desorption Spectra

AI - 3 wt. % Li, 10°C/min
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Hydrogen Partitioning for AA2090 and AI- 3 wt. % Li
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• Solution heat treated and aged AI-3%Li was used to identify hydrogen trapped

at: Li,, and 5" (Al_Li)

• Variation of aging times for AA2090 aided in the identification of hydrogen

associated with Li,,, _" (Al_Li) and TI(AI2CuLi).

• Plastic straining of AA2090 was exploited to identify trapping at dislocations.

• Variation of recrystallized grain size followed by aging was utilized to identify

trapping at high angle boundaries with T1.

• Comparison of AA2090 and recrystallized AI-Li-Cu-Zr aided in establishing

whether hydrogen was trapped at subgrain boundaries.

• Solution heat treated and aged Al-l% and AI-4%Cu were utilized to identify

hydrogen trapping at: Cu_, GPzoncs, 0", 0", and 0 (AI2Cu).

• By a process of elimination trapping state 1 was identified as interstitial

hydrogen and trapping at T1 particles was determined to be trapping state 5 or 6.
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• Dislocations can collect happed hydrogen ft_m lower enelgy happing states

during dynamic straining.

• Hydlvgen tmnspolted by dislocations can be deposited at higher enelgy trapping

sites, such as grain boundaries, within a plastic zone.

• An incleased late of hydrogen uptake has been measmed after dynamic sbaining

in pH 1 HC! solution raider cathodic polalization or in moist iabomtoiy air.

Hydivgen uptake is facilitated by dislocation transpolt.
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• Elevated levels of absorbed hydrogen results in intergranular cracking when

high angle grain boundaries are oriented favorably with the tensile stress and a

sufficient stress concentration is present.

• FGR AI-Li-Cu-Zr, UA temper - demonstrated a change in fracture mode

from TGS to IG with hydrogen pre-charging (J_ also decreased).

• FGR AI-Li-Cu-Zr, PA temper- hydrogen pre-charging altered the

existing IG fracture (Ji also decreased)•

• MGR and LGR AI-Li-Cu-Zr - Independent of temper and absorbed

hydrogen level fi-acture was dominated by TGS.

• Pre-charged TL oriented AA2090 - demonstrated more IG cracking titan

pre-charged LT oriented AA2090 (Ji decreased with hydrogen pre-charging

for all tempers of TL oriented AA2090).

• High angle grain boundaries trap hydrogen and are one of the highest

energy trapping sites for hydrogen in AI-Li-Cu-Zr alloys.
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• Elevated levels of absorbed hydrogen may promote slip localization•

• Dislocations are effective trapping sites for AI-Li-Cu-Zr alloys.

• Enhanced deformation has been demonstrated for pre-charged AA2090

(enhanced deformation I"3 > UA > PA).

• Pre-charged FGR AI-Li-Cu-Zr, UA temper - possess planar slip bands

on IG fracture facets.

• Hydrogen is implicated in the EAC of AI-Li-Cu-Zr alloys.

• The rate of hydrogen absorption is increased for concurrent straining

and charging.

• Hydrogen is absorbed during AI aqueous exposure of AA2090.

• The preferred cracking path during AI aqueous exposure and

mechanical testing of specimeus with pre-dissolved hydrogen is IG

cracking.

• The preferred cracking path correlates with a high energy trapping state•



1)

2)

.............. _.....:,._,.::._...._...._:._.., _ _ _

Elevated levels of absorbed hydrogen results in intergranular cracking

when high angle grain boundaries are oriented favorably with the tensile

stress and a sufficient stress concentration is present.

Elevated levels of absorbed hydrogen may promote slip localization.

Elevated levels of absorbed hydrogen have been shown to affect

deformation during intergranular and transgranular shear fracture

processes. Dislocations have been shown to trap and transport hydrogen.

3) Hydrogen is implicated in the EAC of AI-Li-Cu-Zr alloys.



Project #5 Metallurgical Factors Controlling Stress Corrosion Cracking in Advanced

AI-Li-Cu Alloys

Keith Eklund and John R. Scully

Objective

The objective of this new project is to characterize the stress corrosion initiation and

propagation behavior of two selected advanced A1-Li-Cu alloys under chromate inhibited full

immersion conditions, as well as alternate immersion conditions. We aim to correlate SCC

kinetics with cracking, metallurgical variables (aging condition, orientation, composition,

processing) and, to a limited extent, electrochemical variables using diagnostics such as thermal

desorption trapping analysis.

Approach

The following alloys will be investigated: C155 (approx: 3.1% Cu, 1.8% Li, 0.35% Mg,

0.16% Zr, 0.6% Mn, 0.35% Zn; max wt. pct.) and 2096 (approx. 3.0% Cu, 1.9% Li, 0.8% Mg,

0.18% Zr, 0.6% Ag, 0.25% Zn; max. wt. pct.). The approach to this new project will involve:

- Characterize SCC threshold stress intensities and stage II da/dt using conventional fatigue

precracked compact tension specimens (inhibited full immersion) or double beam bolt

loaded configurations (alternate immersion) for various aging treatments, specimen

orientations, and/or processing variables.

- Use SEM fractography to identify crack initiation sites and cracking paths

- Correlate the above findings and metallurgical as well as compositional variables with

thermal desorption analysis of trapping states. TDS analysis will be performed on

specimens sectioned from the plastic zone of SCC specimens.

Conduct other diagnostics (i.e.: dissolve 8' to change deformation mode)

Compare threshold stress intensities and, possibly, growth rates between long cracks and

short cracks to investigate differences: i.e. examine "chemical crack length" effects.
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The proposed work will provide direct correlation between metallurgical variables (Ag

content at the same Cu/Li ratio) and SCC resistance, that will lead to improved mechanistic

understanding of the factors controlling SCC in advanced A1-Li-Cu alloys and serve as inputs to

future alloy design.

Project 5: Localized Corrosion and Stress Corrosion Crack Initiation in Advanced AI-

Li-Cu Alloys

Glenn E. Stoner and John R. Scully

Objective

The objective of this new project is to understand localized corrosion and the factors

governing the transition from localized corrosion to SCC/CF initiation. We aim to define the

"windows" of susceptibility to crack initiation in terms of metallurgical (composition, aging

condition and strengthening precipitate development, constituent particles, and specimen

orientation), electrochemical (applied potential, localized corrosion site propagation rate),

chemical (macrocell and microcell composition), and mechanical (dynamic strain rate, stress

state, localized corrosion site flaw dimensions) variables.

Approach

The following alloys will be investigated: C155 (approx: 3.1% Cu, 1.8% Li, 0.35% Mg,

0.16% Zr, 0.6% Mn, 0.35% Zn max wt. pct.) and 2096 (approx. 3.0% Cu, 1.9% Li, 0.8% Mg,

0.18% Zr, 0.6% Ag, 0.25°/'0 Zn max. wt. pct.). These alloys have approximately the same Cu/Li

ratio but 2096 contains Ag. The approach to this new project will involve:

- Characterize conditions for localized corrosion behavior in precursor "macrocell" local

chemistry environments and refined local environments using advanced electrochemical

(current transient) and chemical diagnostics (CE).

- Superimpose mechanical variables such as dynamic strain rate, stress state, and/or cyclic

strain to define windows of susceptibility to crack initiation using blunt notch specimens.

Employ ex-situ crack initiation detection by metallographic and SEM techniques, and in-

situ detection by use of a long focal length microscope. Characterize the critical
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corrosionsite flaw sizenecessaryto initiate SCC.

Attempt to determine threshold stress intensities and possibly growth rates from short

cracks to ascertain any evidence of differences between the behaviors of short versus long

cracks, i.e. a "chemical crack length" effect.

Pa_o.v_o_ff

The proposed work will provide correlations between localized corrosion and SCC

initiation that will lead to improved mechanistic understanding of the factors controlling the

transition to SCC. Kth for short cracks along with critical corrosion site flaw sizes will be

obtained.

Coordination

The two projects are designed to be complimentary but not redundant. For perhaps the

first time a comprehensive understanding of the transition from localized corrosion to SCC

initiation and propagation may be achieved.
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Investigation of the same two alloys will strengthen understanding of the roles of metallurgy,

processing and composition: (initiation versus propagation debate). Results from each study

will provide direct input to the other. Examples include:

- Characterization of local macrocell chemistry developed in an alternate immersion double

beam bolt loaded configuration will provide guidance on environments for blunt notch

SCC initiation experiments.

Determination of windows of SCC initiation susceptibility will guide follow-on

conventional SCC initiation and growth test conditions.

he electrochemical activity of T, tq or other phases with and without partitioning of Ag

may be compared and contrasted to their function as hydrogen trapping states. Clear

guidance on alloy design may emerge.

In summary, a coherent comprehensive picture of localized corrosion behavior and the transition

to SCC initiation and growth will be developed
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Project #6 Mechanisms of Deformation and Fracture in High Strength Titanium Alloys:

Effects of Temperature and Hydrogen

Sean P. Hayes and Richard P. Gangloff

Objective

The broad objective of this research is to characterize and understand the relationships

between microstructure, deformation mode, and fracture resistance of high strength titmaium

alloys for HSCT applications. In this project, the effects of time, temperature, and dissolved

hydrogen on the precracked-fracture resistance of an advanced metastable 13-titanium alloy will

be characterized. The mechanisms for deformation and fracture will be physically defined and

micromechanically modeled.

Current Status

The current work in this project is focusing on hydrogen-precharging and fracture

toughness testing of high strength solution treated and aged (STA) Beta-21S and Low Cost Beta

at temperatures ranging from 25 to 150°C. It has been observed that dissolved hydrogen

decreases the plane strain initiation fracture toughness of STA Beta-21 S to 30 pct of the value

for the alloy without additionally added hydrogen. Fracture mode changes in concert with this

reduction in toughness. These results are consistent with work by Scully and his students. Long

term fracture toughness experiments with Beta-21S revealed unacceptable variability in the

electrical potential signal being used to monitor crack extension during loading. Experiments

were conducted to solve this problem.

Preliminary investigation of an LCB sheet provided by McDonnell Douglas has begun.

Solution treated sheet was aged at 510°C for 8 hours in an argon atmosphere, and is currently

being machined into four compact tension [C(T)] specimens. Two specimens will be precharged

to a hydrogen concentration between 500 and 1000 wppm, while two will be tested with the as-

received hydrogen concentration of 150 wppm. Charged and uncharged CT specimens will be

fractured at 25 and 150°C to scope the effects of dissolved hydrogen and temperature on

deformation mode and fracture resistance. A section of the sheet is being used to determine the

63



diffusivity of hydrogenin thesolutiontreatedcondition. Metallographictechniquesarebeing

developedto characterizeboth theSTandSTA microstructures.

A majorfocusof this projectis onTIMETAL Low CostBeta. Timethasrecentlycold

rolled LCB sheet(6 pieces;1.52mm x 200mm 390mm or 0.060"x 8" x 15.3")andplate(1

piece; 10.16mm x 152mm x 254 mm or 0.4" x 6" x 10"). Three sheets and the plate will be

solution treated in the • + 13phase field, cooled to 25°C and isothermally aged at a temperature

that is known to provide a balance of yield strength and fracture toughness. Three sheets will be

provided in the as-cold rolled condition to heat treatment studies by Kazanjian and Starke at UVa.

These materials should be delivered by August.

Recent Findings

The rising load R-curve test was used to determine the fracture toughness of hydrogen-

precharged STA Beta-21S plate at 75°C with a slow load-line displacement rate of 0.221am/min.

This sample was charged at a current density of 0.30 mA/cm 2, as was a specimen previously

tested at 150°C. However, the 75°C specimen surface was not masked, while the 150°C specimen

had the area near the loading pin holes coated to prevent hydrogen uptake and embrittlement.

As a result, hydrogen in the 150°C specimen had ample time to diffuse to the masked areas

thereby lowering the hydrogen concentration immediately ahead of the precrack. Consequently,

it is expected that the 75°C specimen had a hydrogen concentration between 500 and 1000 wppm

while the 150°C was lower. Sections of each specimen were sent to LECO for nominal hydrogen

content analysis.

The plane strain fracture toughness of the Beta-21 S C(T) specimen, hydrogen-precharged

and tested at 75°C, was 23.7 MPa,/m based on ASTM standard E-399 and a 95% slope-intercept

method. This is significantly reduced from previously determined values of 71.9, 65.9, and 53.5

MPa_/m for uncharged specimens of Beta-21S at 150 and 25°C, and a hydrogen charged specimen

at 150°C, respectively. Fractography of the specimen tested at 75°C showed several modes of

fracture which were not observed previously. This indicates that hydrogen, or a

hydrogen/temperature combination, degrades the fracture resistance of high strength STA Beta-

21S.
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Future Work

Work over the next six months will focus on: (1) completing preliminary fracture

experiments with STA Beta-21S and LCB sheet provided by McDonnell Douglas, (2) beginning

a systematic study of internal hydrogen embrittlement of a single STA condition of LCB sheet

provided by TIMET, (3) studying the effect of fatigue precracked specimen thickness on

resistance curve fracture toughness for uncharged and hydrogen-charged TIMET STA LCB plate,

and (4) investigating the deformation and fracture modes in LCB of varying fracture test

temperature and dissolved hydrogen concentration for fixed strength and microstructure.

Presentation Viewgraph Captions

1. Title.

2. Objectives

3. Compositions of TIMETAL Beta-21S and TIMETAL LCB.

.

.

.

,

.

Calibration curve relating applied electrochemical cathodic current and hydrogen uptake

in STA Beta-21S exposed to aqueous H2SO 4 + Na4P207 at 90°C for 7 days. The majority

of these results were obtained by Gaudett, Young, and Scully who are assisting with the

charging of both Beta-21S and LCB.

C(T) specimen, buckling restraints, crack mouth opening displacement measurement by

LVDT, and dcEPD probes used for determining elevated temperature fracture toughness

of thin sheet alloys.

Load versus crack mouth opening displacement data for STA Beta-21S C(T) specimens

at 25°C and 150°C, without precharged hydrogen, and at 75°C and 150°C with precharged

hydrogen. A slow loading rate was employed such that each experiment required 20 to

50 hours to fracture. The deleterious embrittling effect of predissolved hydrogen at 75°C

is apparent.

Plane strain initiation fracture toughness, defined by a loading slope secant offset method

from ASTM Standard E-399, for the four specimens of STA Beta-21S at the various test

temperatures and hydrogen-precharged conditions represented in Figure 6. Note the

reduction in initiation toughness due to dissolved hydrogen.

Direct current electrical potential versus time for an unloaded C(T) specimen which

shows signal variability on the order of 5 microvolts. This behavior is unacceptable and

will hinder detection of the onset of cracking.
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10.

11.

12.

13.

14.

Direct current electrical potential versus time for an unloaded C(T) specimen which

shows drift in the measured potential over time. This behavior is unacceptable and will

hinder detection of the onset of cracking.

Measured load and electrical potential versus crack mouth opening displacement for a

Beta-21S C(T) specimen (hydrogen precharged to about 700 wppm and loaded at 75°C

and a slow constant load-line displacement rate of 0.2 grn/sec). This plot shows the

excellent agreement in crack initiation load, resolved by either the first deviation from

linearity in load vs displacement or the change in slope of the electrical potential vs

displacement. For this and other experiments with high strength g-titanium alloys, small

scale yielding is maintained; the contribution of the plastic component of the J-integral

is small, enabling a simple elastic stress intensity analysis of fracture toughness.

Stress intensity vs crack extension R-curves for two C(T) specimens of STA Beta-21 S:

(1) uncharged and fractured at 25°C, and (2) hydrogen-precharged and fractured at 75°C.

A slow loading rate was employed for each case. Note the strong and deleterious effect

of hydrogen embrittlement. (Previous experiments represented in Figure 6 show that the
R-curve for as-received STA Beta-21S is somewhat higher for loading at 150°C compared

to the result here for loading at 25°C. Presumably, fracture of Beta-21S without hydrogen

is similar at 75°C.)

Results reported by Scully and coworkers establish the reduction in initiation fracture

toughness, with increasing dissolved hydrogen concentration, for precharged STA Beta-

21S and STA Ti 15-3 fractured by slow loading at 25°C. The current result for

precharged Beta-21S at 75°C is both consistent with the general deleterious effect of

dissolved hydrogen, and shows a potentially increasingly deleterious effect of hydrogen

at elevated temperature. Also note the complex fracture surface morphologies that are

typical of both ductile fracture and internal hydrogen embrittlement of these high strength

B-titanium alloys.

Scanning electron fractographs of STA Beta-21S show the change in crack surface

morphology produced by dissolved hydrogen. Fracture of Beta-21S, at 150°C and

without precharged hydrogen, produced a transgranular crack surface with at least two

types of ductile fracture features as shown by the two fractographs on the left side of the

figure. Note the fatigue precrack in the bottom portion of each fractograph. Fracture of

Beta-21S, at 75°C and with precharged hydrogen, produced a mixed transgranular-

intergranular surface with multiple features labelled a through f (see the two fractographs

on the right side of the figure). Different fracture processes appear to be operative

depending on the dissolved hydrogen concentration.

Higher magnification scanning electron fractographs of the hydrogen-precharged C(T)

specimen ofSTA Beta-21S fractured at 75°C. These six areas are contained in the lower

right fractograph in Figure 13. Each of these features in (a) through (f) appear to be

unique to hydrogen-charged Beta-21S and internal hydrogen embrittlement, however, the

cause of each feature is not understood fundamentally. For example, intergranular
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15.

16.

17.

18.

19.

20.

crackinghasbeenreportedby othersat UVa investigatingtheaqueouschloride stress
corrosioncrackingof Beta-21S,andmaybetracedto hydrogentrappinganddecohesion
of [3-grainboundaries.Theseworkershypothesizeda role of locally intenseslip in
nucleatingboundaryhydrogenembrittlement.Thelinearfeaturesin (b) and(e)maybe
indicativeof thisprocess.A substantialeffort is requiredto understandthemicroscopic
processesthat control ductile fracture and internal hydrogenembrittlement in high
strength [3-titanium alloys. This work will be complicated by the fine-scale
microstructurestypical of coldworkedandagedalloyssuchasLCB sheet.

Fracture experimentswill soon be conductedon STA LCB sheet obtained from

McDonnell Douglas, as a precursor to a more systematic study of LCB sheet from Timet.

Schematic diagram of the method employed to determine the diffusivity of hydrogen in

[3-titanium alloys.

Results of the measurement of the diffusivity of hydrogen at room temperature in

annealed single phase (bcc) Beta C; after Scully and Young.

Conclusions.

Future work with TIMETAL LCB sheet and plate.

TIMETAL LCB will be employed for the next phase of the present study of intemal

hydrogen embfittlement, and will also be investigated by Kazanjian and Starke.
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Project #7 Evaluation of Wide-Panel Aluminum Alloy Extrusions

M.T. Lyttle and J.A. Weft

Research Objectives

The overall objective of this project is to experimentally observe and model the effects

of microstructure and texture on yield strength in wide panel aluminum alloy extrusions. The

modeling results will enable the prediction of locations and tensile axis orientations

corresponding to minimum yield strength where localized yielding could occur in service. A

generalized form of these models can be applied to any combination of microstructure and texture

found in other aluminum alloys.

Progress During the Reporting Period

A model has been constructed to predict the variations in yield strength due to grain

orientation, grain morphology, and precipitate plane orientation for both the plastic and elastic

inclusion assumptions. Using specimen texture obtained from pole figure data, an average Taylor

factor can be determined for any uniaxial stress orientation in the specimen. Combining specimen

texture and precipitate plane orientation, the contribution to strengthening from precipitates with

a specified habit plane orientation can be calculated.

Compression testing of different regions of the 2090 extrusion in various in-plane

directions in the as-received and the overaged case has been conducted. Yield strength has been

measured for the skin and cap regions in the 2090 extrusion, which contain pancake- and lath-

shaped grains, respectively. Variations in yield strength are observed in Figure 8 and can be

compared roughly to the typical Taylor factor variations predicted in Figure 4. The cap region

(lath-shaped grains) generally exhibits a lower yield strength than the skin region (pancake-

shaped grains) for all orientations tested. This is consistent with the model predictions illustrated

in Figure 4. Note in particular that equal transverse strength (90 ° ) is predicted in the cap and skin

locations, precisely matching experimental observations.

To critically evaluate the significance of these predicted yield strength variations,

precipitate and texture effects must be eliminated from the experimental observations. To

minimize the precipitate strengthening effect, portion of the 2090 skin was overaged at 160°C for
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400hours.Theresultingmicrostructureshouldcontainthesamevolumefractionof matrix and

precipitateastheusualagingprocedures,but the coarsenedprecipitateswill contributelessto

strengtheningand anisotropy. Figure 5 showsthe correlationbetweenthe yield strength

predictionof the plastic inclusionmodelandthe experimentalresultsfor the overagedskin

sectionof a2090extrusion.Thecorrelationcoefficientfor theplasticinclusionmodelis 0.96and

the standarddeviation is 9 MPa. Theseexperimentalresultscorrespondwell to the model

predictions.

Refinementof the compressiontestingapparatusand the useof larger compression

specimenshasallowedmoreaccurateandconsistentyield strengthdatato begenerated.

Recent Important Findings

A model has been developed that incorporates the effects of texture, precipitate

characteristics, and grain morphology in a prediction of yield anisotropy. The effect of

precipitate characteristics was addressed by consideration of the precipitate as elastic and plastic

inclusions in two separate models. Both of these models predict similar behavior, so further

research in this area will mainly focus on refinement of the plastic inclusion model. Grain

morphology is predicted to have a measurable effect on yield anisotropy and magnitude.

Accurate predictions of yield strength anisotropy of as-received and overaged skin

specimens were made. However, experimental results from the cap section deviated from the

predictions of the model (standard deviation = 56 MPa). The shape of the curve correlated well

with the variation in yield strength (correlation coefficient = 0.92), but the magnitude of variation

was not predicted by the model. The observed variation of-150 MPa in the cap section

corresponds to about a 25% variation in yield strength as a function of stress axis orientation. For

typical rolling texture, anisotropy of this magnitude is not usually predicted for Taylor factor (2.7

to 3.4) or precipitate strengthening factor (0.65 to 0.81). It is encouraging that, for all measured

orientations, the current model does predict the correct trends in the anisotropy, and in most cases

the magnitude of the anisotropy.

Since the yield strength predictions for the cap section specimens were the least accurate

and good results were obtained for the overaged specimens, further refinement of the model

appears to be necessary to correctly account for lath-shaped grains and precipitate strengthening.
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Next Six Month Milestones

Development of the capability to calculate average Taylor factor and the strengthening

contribution of precipitates in the plastic and elastic inclusion models for a specified uniaxial

stress orientation is complete. The yield strength model consisting of grain orientation and

precipitate orientation data accurately predicts the general trends of yield strength variation for

the alloys tested, but to generate a more complete and exact description of the yield anisotropy,

the effect of basic grain morphology effects will need further refinement.

Accurate model predictions have been made for several regions in the 2090 extrusion.

Quantitative metallography will be performed on the tested regions of the 2090 extrusion to see

if there is a preferred orientation of precipitates and to explicitly determine the matrix and

precipitate material property inputs for the model. These results will be included in the model

for 2090. To assess the general applicability and to fine tune the adjustable morphological

parameters of these models, extensive yield strength testing, texture measurements and

microstructural characterization will be conducted on 2096 and 2195 extrusions.

Viewgraph Caption_

1. Title and Outline.

. Approach - A brief description of the plastic inclusion model which is used to predict

yield strength anisotropy given texture, grain morphology, and precipitate orientation
data.

. Dependence of Taylor Factor on Grain Shape - How Taylor factor is calculated for

equiaxed and pancake-shaped grains.

. Effect of Grain Morphology on Taylor Factor - Taylor factor variation for a rolling texture

of a sample containing grains with equiaxed, pancake, and lath morphology.

. 2090 Skin Overaged Yield Strengths - A comparison of experimental and predicted yield

strengths for the 2090 skin in an overaged condition.

.

.

Example of Yield Strength Contribution of Texture and Precipitates for Skin of 2090

Extrusion - Taylor factor and precipitate strengthening variation for the skin of the 2090
extrusion.

Example of Yield Strength Prediction for Skin of 2090 Extrusion - Comparison of

experimental and predicted yield strengths.
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.

,

2090 Skin and Cap Yield Strengths - A comparison of experimental and predicted yield

strengths for the 2090 skin and cap regions.

Conclusions and Future Work
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Effects of Texture and Microstructure on the

Anisotropic Yield Strength of Wide Panel
Aluminum Alloy Extrusions

M. T. Lyttle
J. A. Wert

University of Virginia
Department of Materials Science and Engineering

Objectives

= Characterize the effects of texture and

microstructure on the yield strength in wide
panel aluminum alloy extrusions

• Develop models which enable the prediction of
locations in the extrusion and tensile axis

orientations of minimum yield strength where
localized yielding could occur in service



/_pproach
i

• Examine factors that influence the yield strength

anisotropy of a material and construct models to

predict this variation

• Models have been proposed which consider

precipitate strengthening as either elastic or plastic
inclusions. While the models are derived differently,

similar results are predicted by both.

G=M (1 -f) + N ( pf
1. Grain Orientation - Determines average Taylor factor

for a specified stress axis orientation
Grain Morphology - Deviation from spherical grains
relaxes constraints from adjacent grains, modifying

the average Taylor factor
2. Precipitate Orientation - Affects the amount of

strengthening due to precipitates

• Compression tests of 2090 extrusion in the as-
received and an overaged condition were conducted
and validated the initial model constructions

• Using the same modeling and experimental methods
in different aging conditions and on 2096 and 2195
extrusions, the role of grain morphology and

precipitate orientation in influencing yield strength
anisotropy will be investigated



Dependence of Taylor Factor on Grain Shape

Spherical grains

Stress State Strain State

o i_ o0 -s/2 0

0 0 -s/2

• Spherical grains are completely constrained by their neighbors

• Strain State is defined strictly by Hooke's Law

• Five slip systems are required to achieve the prescribed strain
state

• Using pole figure data, generate a set of grain representative
of the specimen texture

• Calculate the Taylor factor for each of these grains and

average Taylor factor can be calculated directly

Pancake shaped grains

Stress State Strain State

x oj0 -c/2 0

0 0 -s/2

• Deviation from equiaxed grains causes a relaxation in
constraint from adjacent grains

• Surface tractions on large grain boundaries result in shear

strains that can be accommodated by adjacent grains

• This accommodation enables fewer slip systems to achieve a

modified strain state resulting in a lower Taylor factor



Effect of Grain Morphology on Taylor Factor
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Comparison of 2090 Skin Overaged Predictpd and
Experimental Yield Strengths "
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Example of Yield Strength Prediction
Skin of 2090 Extrusion

620

_'610
EL

_6oo

90

oo 580

.__
)- 570

Taylor Factor

560 , I i I ! I i I i I 0

0 15 30 45 60 75 90

Angle with Extrusion Direction

Precipitate Strengthening Ratio

620

_'610

-600

590

580

570

560

0

i I i ', : = : = : = :

15 30 45 60 75 90

Angle with Extrusion Direction



Example of Yield Strength Prediction
Skin of 2090 Extrusion

620

600

590

_580
(L)

>- 57O

560

0

I a I t I i I I I
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Angle With Extrusion Direction

!

90

Taylor Factor

Precipitate Strengthening

Yield Strength Model

Correlation Coefficient Standard Deviation

0.02 18 MPa

0.65 14 MPa

0.69 13 MPa



Comparison of 2090 Skin and Cap Predicted and
Experimental Yield Strengths
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Overaged Skin Region

Skin Region

Cap Region

Correlation Coefficient Standard Deviation

0.96 9 MPa

0.69 13 MPa

0.92 56 MPa



Conclusions

• A model has been constructed that allows yield
strength predictions based on texture, grain
morphology, and precipitate plane orientation
inputs.

• Accurate predictions of the trends in yield
strength anisotropy in 2090 near net shape
extrusions have been made.

Refinement of compression testing techniques
has allowed accurate determination of yield
strength (_+5 MPa)

Future Work

• Microstructurai characterization of the 2090

extrusions and compression testing at different
overaging times will allow refinement of the
yield strength models.

• Similar testing will be conducted on 2096 and
2195 extrusions. Using a wide range of grain
shapes and precipitate morphologies should
allow a greater understanding of the role each
play in the strengthening process,





Project #8 AI-Si-Ge Alloy Development

H.J. Koenigsmann and E.A. Starke, Jr.

Project Objective

The objective of this project is to investigate the strengthening mechanisms and the void

nucleation process in a recently developed AI-0.55Si-2.02Ge (wt.%) alloy. The relationship

between precipitate size and critical strain for cavity nucleation during plastic deformation is of

primary interest.

Current Status

The volume fraction of the SiGe precipitates in a ternary A1-0.55Si-2.02Ge (wt.%) alloy

was determined as a function of aging time using Transmission Electron Microscopy (TEM),

electrical conductivity measurements, and X-ray diffraction lattice parameter measurements. The

(111), (200), and (220) pole figures were determined from center sections of as-quenched samples

and the results were converted into an Orientation Distribution Function (ODF) in order to

calculate the Taylor factor.

Finite element calculations were performed on an IBM RS/6000 computer using the

Abaqus software package. Meshes containing up to 7,000 triangular six-node elements were

generated using the Patran software package. The stress and strain distributions around the SiGe

precipitates were calculated for different precipitate diameters using both elasticity and plasticity

models.

Recent Important Findings

The correlation between TEM measurements, electrical conductivity measurements, and

lattice parameter measurements shows that there is still solute in solution in the T6 condition and

that precipitation in A1-0.55Si-2.02Ge (wt.%) continues to occur up to about 100 hrs at 160°C.

This observation led to a significant improvement of the theoretical yield strength prediction for

this ternary alloy as a function of aging time.

Finite element calculations reveal that the maximum principal stress at the precipitate-

matrix interface decreases approximately linearly with increasing precipitate diameter for both
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theelasticityandplasticitymodels.This isconsistentwith theexperimentalobservationthat the

volumefractionof voidsdecreaseswith increasingprecipitatediameterfor agivenstrain.

Future Work

The direct observation of voids around the SiGe precipitates will be attempted using TEM

which would allow the determination of the void nucleation and void growth rates from

measurements of the areal void density and the maximum void size as a function of strain for

different aging times. This separation of void nucleation and void growth might provide an

explanation for the experimental observation that the tensile ductility decreases with increasing

aging time while the critical strain for cavity nucleation increases.

Furthermore, the quantification of the precipitate-matrix interfacial structure will be

attempted using atomic resolution TEM in order to calculate the stresses associated with ledges

and steps.

Presentation Viewgraphs

1. Title.

.

3.

4.

5.

6.

7.

.

.

Outline.

Background.

Project objective.

Experimental procedure.

Experimental procedure (cont.).

Change of the SiGe precipitate size during aging at 160°C. The average precipitate
diameter increases from 5.0nm after 1 day of aging to 14.4nm after 16 days of aging.

TEM microstructure. The microstructure of the ternary alloy after aging for 8 days at

160°C shows SiGe precipitates. <110> A1 orientation.

Room temperature longitudinal tensile properties as a function of aging time at 160°C.

With increasing aging time, the tensile ductility decreases significantly, whereas the

decrease of both the yield strength and the tensile strength is almost negligible.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Predictionof the total theoreticalyield strength.The total theoreticalyield strengthis
estimatedbyaddingthecontributionof theprecipitates,theyield strengthof pureA1,and
thecontributionsfrom grainboundaryandsolidsolutionstrengthening.

ModifiedOrowanequation.Thisequationpredictsthatthecontributionof the precipitates

to the yield strength is proportional to the square root of the precipitate volume fraction

and inversely proportional to the precipitate diameter. The ratio between the Taylor factor

calculated from X-ray diffraction data and the Taylor factor calculated for fcc metals with

a random distribution of grain orientations was also taken into account.

TEM measurements of the SiGe precipitate volume fraction as a function of aging time

at 160°C. This is a direct method to determine the precipitate volume fraction, but it is

associated with significant experimental errors.

Measurements of the electrical conductivity of the ternary alloy as a function of aging

time at 160°C. These measurements are associated with very small experimental errors,

but it is an indirect method and Nordheim's rule was used to estimate precipitate volume

fractions based on these results.

Measurements of the lattice parameter of the matrix as a function of aging time at 160°C.

This is a third independent approach to estimate precipitate volume fractions, but is also

an indirect method and Vegard's rule was used to convert the data into precipitate volume

fractions.

Determination of the volume fraction of the SiGe precipitates as a function of aging time

at 160°C. The average value of the precipitate volume fractions determined using TEM,

electrical conductivity measurements, and lattice parameter measurements was used in

the modified Orowan equation to estimate the contribution of the precipitates to the yield

strength for each aging time.

Size distribution of the SiGe precipitates during aging at 160°C. The precipitate diameter

used in the modified Orowan equation was based on the precipitate size distribution for

each aging time shown here for the shortest and the longest aging times.

SEM fracture surface of the peak-aged ternary alloy after performing a room temperature

tensile test in longitudinal direction. The micrographs reveal that fracture occurred as

dimpled rupture.

Determination of the volume fraction of voids as a function of strain and precipitate

diameter. The volume fraction of voids was determined through a pycnometer by

measuring densities of the deformed gage section and the grip part. All measurements

were performed before necking occurred. The volume fraction of voids decreases with

increasing precipitate diameter at a given true strain value. The critical strain to nucleate

cavities (ec) was determined from the experimental data by linear regression.
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Energycriterionfor cavitynucleation.This criterionpredictsthat the critical strainto
nucleatecavitiesis independentof theprecipitatesize.

Geometricalcorrectionfactorusedin theenergycriterion.This correctionfactortakes
intoaccountthatcavitiesnucleateat particlepolesin thedirectionof thetensileaxis.

Coarseningtheorydevelopedby LifshitzandWagner.Thistheorypredictsthat,whenthe
rateof coarseningis controlledby thediffusionof thesolutespeciesthroughthematrix,
thecubeof theaverageprecipitateradiusincreaseslinearly with agingtime.

Determinationof the precipitate-matrixinterfacialfreeenergy.The precipitate-matrix
interfacialfreeenergy(V)isaparameterin theenergycriterionfor cavitynucleation.This
parameterwasestimatedfrom coarseningdatausingthetheorydevelopedby Lifshitzand
Wagner.Note thatthegraphis only drawnfor longeragingtimeswhentheprecipitate
volumefractionstaysapproximatelyconstant.

Evaluationof theenergycriterionfor cavitynucleation.Theexperimentalresultsagree
approximatelywith thepredictionof the energycriterion,but the critical strainclearly
dependson theprecipitatesizecontraryto thepredictionof this criterion.

StressCriterion for cavity nucleation.This criterionpredictsthat the critical strain to
nucleatecavitiesdependslinearlyon theprecipitatesize.

Evaluationof thestresscriterion for cavitynucleation.Theexperimentalresultsagree
well with thepredictionof thestresscriterionif thecriticalstressis chosenas1/40of the
shearmodulusof thematrix andif thenumericalparametera is chosen as 1/7.

Typical finite element mesh used for the calculations of the elastic stress and strain

distributions around two quarter precipitates. This mesh contains 6,570 triangular six-

node elements. Based on symmetry considerations, the boundary conditions were chosen

in such a way that the displacements are zero in the vertical direction along the horizontal

lower edge and in the horizontal direction along the two vertical edges. A uniform load

based on the experimental tensile data was applied in the vertical direction along the

horizontal upper edge.

Typical distribution of the maximum principal elastic stresses around two quarter

precipitates. This stress distribution reveals that the stresses associated with the smaller

(left) precipitate are larger than those associated with the larger (right) precipitate. This

is consistent with the experimental observation that the volume fraction of voids

decreases with increasing precipitate diameter.

Ramberg-Osgood relationship. This relationship describes the mechanical behavior of the

material as nonlinear at all stress levels, but, for commonly used values of the stress

exponent (n>5), the nonlinearity only becomes significant at stress magnitudes exceeding

the yield strength.
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29.

30.

31.

Typical finite elementmeshusedfor the calculationsof the total stressand strain
distributionsarounda quarterprecipitate.Thismeshcontains3,570triangularsix-node
elements.Theboundaryconditionsandtheloadwerechosenasdescribedabove.

Typicaldistributionof themaximumprincipaltotalstressesarounda quarterprecipitate.
The total stresseswere calculatedusingthedeformationplasticity modelbasedon the
Ramberg-Osgoodrelationship describedabove. Only one quarter precipitate was
consideredsinceno overlapof thestressfields of theprecipitatesoccurs.

Dependenceof themaximumprincipalstressat the precipitate-matrix interface on the

precipitate diameter using the elasticity and the deformation plasticity models. The stress

decreases approximately linearly with increasing precipitate diameter for both models.

The stresses predicted by the deformation plasticity model are always smaller than those

predicted by the elasticity model as should be expected.

Conclusions.

Future work.
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Project #9 Effect of Texture and Precipitates on Mechanical Property Anisotropy of

AI-Cu-Mg-X Alloys

Birgit Skrotzki, Gary J. Shiflet and Edgar A. Starke, Jr.

Objective

The objective of this study is to determine the effect of texture in unrecrystallized and

recrystallized modified 2519 on the precipitation of the t'l and O' phases in the T6 and T8

conditions, and the associated relationship with anisotropy of the mechanical properties. In

addition, the effect of an applied stress (both elastic and plastic) on nucleation and growth of the

strengthening precipitates will be examined.

Current Status

Solution heat treated and T6 samples of the A1-Cu-Mg-Ag alloy were aged under stress

to study the effect on nucleation and growth of precipitates. Solutionized binary A1 - 5 wt.% Cu

samples were also aged under stress to study the effect in greater detail. This alloy was used as

a model system because its microstructure is less complicated than that of the quaternary alloy.

The microstructure was characterized by TEM and the volume fraction, number density and size

of precipitates were measured.

Recent Findings

Quantitative microstructure analysis was carried out to investigate whether preferential

nucleation or growth on certain habit planes occurs when aging is done under stress. Therefore,

the volume fraction was determined separately for every precipitate habit plane and the angle

between the precipitate and the direction of the applied load was measured. The value of the

measured angle, e, between precipitate and the stress direction is subtracted from 90 °. This

means that precipitates with 190° - al = 0 ° are perpendicular and those with 190 ° - '_l -- 90° are

parallel to the stress direction. For solution heat treated samples it was found that the higher

volume fractions of O' are parallel and the lower volume fractions are perpendicular to the stress

direction when the applied stress is 40% of the room temperature yield stress. For Q, the values
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arerandomlyscatteredover the whole spectruna of angles when the same amount of stress was

applied.

It was supposed that there might be a threshold stress which has to be exceeded before a

similar effect can be observed for Q. Therefore, samples were aged under a higher stress. After

aging under a stress equivalent to the room temperature yield stress, the higher volume fractions

are observed parallel to the stress axis for both type of precipitates. The threshold stress for fl

in this alloy is found to be between 119 and 142 MPa for solution heat treated samples. No

comparable effect was found for samples in the T6 condition at this stress, neither for the volume

fractions, nor for the number density or the size of the precipitates. Samples of the solutionized

binary A1 - Cu alloy were also aged under a different stress to study the observed effect in greater

detail. A similar effect was observed. The O' phase precipitates preferentially parallel to the

stress axis. The threshold stress for O' is found to be between 16 and 19 MPa.

The following discussion will focus on the A1-Cu system because there are more data

available on precipitation of O' than for _, but may also apply to the more complicated alloy. An

externally applied stress during aging can affect nucleation of precipitates or their growth

(coarsening) or both. If nucleation is affected, the number of particles perpendicular to the stress

axis should be dramatically different than the number parallel to the axis. Likewise, if growth

is affected, the precipitate length/thickness should be different parallel and perpendicular to the

applied stress axis. A large effect on nucleation was observed since most of the O' precipitates

are parallel to the stress axis. The following discussion will also argue that the growth and

coarsening behavior should be affected, as well because of the presumed growth ledges on the

plates.

A model developed by Dahmen and Westmacott suggests that the smallest O' precipitate

(critical nucleus) is 2 unit cells and has a vacancy misfit (negative). Stobbs and Purdy have

experimentally shown that 2 unit cells (or smaller) indeed have a vacancy-type misfit. A 2 unit

cell O' precipitate fits into 3 unit cells of the Al-matrix with a misfit of- 4.5 % (calculated from

the lattice parameters). Based on previous work (i.e. 6' in A1-Li) a negative misfit with the

matrix will result in nucleation of the precipitate in the compressed region of the matrix.

Therefore, it is concluded that the plate shaped O' nuclei should preferentially nucleate parallel

to the tensile stress axis, because it is this direction that is under compression. This contradicts
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theresultsof HosfordandAgrawal. Theyfoundahigherdensityof O'precipitatesperpendicular

to thetensilestressaxis. (Nevertheless,it hasto benotedthattheir singlepublishedmicrograph

(in a [310]orientation)isnotconclusiveandtheydid notcarryout anyquantitativeanalysis.)In

contrastto their findings,Eto,etal.,observedpreferentialprecipitationparallel to the stressaxis

which is in agreementwithourobservations.Ishasto benotedthatdifferentagingtemperatures

wereused.

Calculationsfrom the latticeparametersindicatethat Qnuclei probablyhaveaneven

largervacancytypemisfitandarethereforeaffectedin thesameway. Thegrowthandcoarsening

behavioris probablyaffectedaswell becauseof themechanismof thickeningof a precipitate

plate is by themovementof ledges.This hasnot beenobservedin the T6 samples so far but

might show if the aging is carried out under a higher stress which exceeds the threshold stress

for this condition.

Milestones

DSC measurements are planned to get more information about the sequence of

precipitation and what type of precipitation stage is affected by the extemal stress. The question

arises if precursor phases of O' form during heat-up. Preliminary results of DSC experiments

show no dissolution of any phase before precipitation starts at 188°C in the A1-Cu-Mg-Ag alloy

(no stress applied). This might be different if aging is done under stress. More TEM

investigations need to be done to find out how the misfit is affected by stress aging. The

approach first used by Ashby and Brown will be applied.

TEM work will be done on the new material (C415 and C416). Creep samples were sent

by Alcoa and the microstructure will be characterized concerning grain boundary precipitation

and coarsening of the precipitate phases.

Presentation ViewgraDhs

1. Title.

2. Objective.

3. Subtitle.
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7.

8.

.

10.

11.

12.

13.

14.

15.

16.

17.

Background: Effect of external and internal stresses associated with second phase

particles.

Background: Reason for preferential nucleation and consequences of preferential

precipitation.

Alloy composition and processing.

Precipitate phases and morphology.

Mechanical properties at room temperature and elevated temperature in solution heat

treated and T6 condition for different orientations.

Parameters used for heat treatment, aging and stress aging.

Creep sample geometry used for stress aging experiments.

Experimental procedure for microstructure characterization.

Volume fractions of precipitates in AI-Cu-Mg-Ag measured for T6, T8, solution heat

treated and stress aged and T6 and stress aged. Higher volume fractions of fl and O' are

present in prestrained samples than in T6. Further nucleation of Q occurs in stress aged

T6 samples than in T6 alone. Higher volume fraction of O' form after aging of solution

heat treated samples under higher stress (SHT*) compared to lower stress.

Number density of precipitates in AI-Cu-Mg-Ag measured for T6, T8, solution heat

treated and stress aged and T6 and stress aged. A high number density of fl and O'

formed after aging under stress. A high number density of O' formed after aging of

solution heat treated samples under higher stress (SHT*) compared to lower stress.

Precipitate diameter and thickness in AI-Cu-Mg-Ag were measured for T6, T8, solution

heat treated and stress aged and T6 and stress aged. Q shows higher thermal stability than

O'. O' starts to grow very early, but considerable growth of Q occurs after 1000 h aging.

Volume fractions were measured separately for each variant in AI-Cu-Mg-Ag, and the

angle a between the precipitate and the stress axis was measured, a was subtracted from

90 °. 190 ° - _ I = 0° is perpendicular to the stress axis. 190° -, I = 90° is parallel to the

stress axis. In solution heat treated and stress aged samples, preferential precipitation of

O' occurs parallel to the stress axis. No effect was observed for fa.

For higher stresses, preferential precipitation of both kinds of precipitates parallel to the

stress axis was observed for solution heat treated AI-Cu-Mg-Ag samples.

In binary AI-Cu preferential precipitation of O' was also observed for solution heat treated

and stress aged samples.
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18.

19.

20.

23.

24.

25.

26.

27.

Microstructureof stressagedA1-Cuin TEM. Stressdirection is indicatedby arrows.
Almost all precipitatesareparallelto thestressaxis.

Thethresholdstressfor preferentialprecipitationin solutionheat treatedsampleswas
determined.No effectwasobservedin T6 samples.

Microstructureof A1-Cuin TEM. Samplewasheatedwith appliedstressto 160°Cin
about70min. PrecipitatesareO"andrandomlydistributed.

DSCcurvesshowprecipitationattemperatureshigherthan160°C.

Schematicdrawingshowingtheobservedeffectonmicrostructurein solutionheattreated
samples.

Definition of vacancyandinterstitialtypeof misfit. Misfit predictedandobservedfor O'
precipitates.

Crystallographicmodelfor O'nucleusinAl-matrix. Notetheproperlyorientedcube-cube
relationship.

Dueto thenegative(vacancy)misfit, O'shouldnucleatein thecompressedregionof the
matrixwhich isparallelto theexternaltensilestressaxis. Growthshouldalsobeaffected
by an externalstressbecausethe elasticaccommodationstraincanbe minimized by
growthledgeheightswhichhavetherequisitenumberof O'subunits.

Qprecipitatein HRTEM. Growthof plateshapedprecipitatesoccursby movingof the
growthledges.

Conclusions.
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Proj ect # 10 Damage Evolution in Polymeric Composites

R. D. Schroedter III and C. T. Herakovich

Progress achieved in this project will be reported elsewhere.
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Project #11 Computer Modeling Environment Enhanced Fatigue Crack Propagation in

Light Aerospace Alloys

Edward Richey III and Richard P. Gangloff

Objective

The objective of this research is to develop the methods and understanding needed to

incorporate time and loading wave-form dependent environmental effects on fatigue crack

propagation (FCP) in NASA FLAGRO. The research seeks to test the Wei and Landes linear

superposition model and an interpolative model, and to suggest improvements to these models

based on an improved understanding of the time dependencies which affect environmental

fatigue crack propagation (EFCP) in structural alloys. In particular Ti-6A1-4V is studied in the

mill annealed (MA), extra low interstitial (ELI) condition due to its complex, time-dependent

environmental fatigue behavior.

Current Status

The experimental work for Ti-6A1-4V (MA,ELI) in NaC1 was completed during this

reporting period. Computer-automated constant AK and AK decreasing experiments were

employed to determine the effect of frequency on da/dN. Monotonically rising load tests were

conducted to determine the stress corrosion cracking (SCC) susceptibility of the alloy. These data

were employed to assess computer models of EFCP rates developed in previous reporting

periods. The graduate student, Mr. Edward Richey III, has completed and defended his Master's

of Science thesis, and is beginning his doctoral studies in the Department of Materials Science

and Engineering at UVa. A paper reporting the complete findings of this research is planned for

journal publication. A computer program and documentation will be provided to Dr. R.G.

Forman (NASA-Johnson Space Center) for possible incorporation into NASA-FLAGRO.

Recent Results

Monotonic loading experiments were conducted in order to determine the stress corrosion

cracking susceptibility of Ti-6A1-4V (MA,ELI) in a 3.5% NaC1 solution. ELI grade Ti-6AI-4V
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exhibits a much greater resistance to SCC than standard grade Ti-6A1-4V. The threshold stress

intensity for crack initiation in 3.5% NaCI solution (Kn0 is between 48 and 55 MPa4"m

depending on loading rate. For moist air, KjI c was found to be 78 MPa-/'m, slightly higher than

the value for standard grade Ti-6A1-4V. ELI grade Ti-6A1-4V exhibits a much slower da/dt than

the standard grade, of order 10 .5 mm/sec or less. ELI grade Ti-6AI-4V exhibits environment

assisted cracking (EAC), albeit at a very high K level.

Corrosion fatigue experiments were conducted on Ti-6A1-4V (MA,ELI) in moist air and

a 3.5% NaC1 solution for tlK values in the range of 5 to 25 MPa4"m, frequencies in the range of

0.03 to 40 Hz, and a stress ratio of 0.1. A 3.5% NaC1 solution is detrimental, and enhances

fatigue crack growth rate two to four fold compared to cracking in moist air. The ELI grade alloy

does not exhibit the same frequency dependence as standard grade Ti-6A1-4V. The ELI grade

alloy does not exhibit the frequency "crossover" effect exhibited by the standard grade. Instead,

da/dN increases as frequency increases; da/dN is proportional tof 01to0.2

Nominal crack closure levels were recorded during all fatigue experiments. Crack closure

levels were consistent with plasticity induced closure and the Forman Equation with closure.

Crack closure levels were independent of environment. For AK value below 10 MPa4"m, closure

levels increased as hK decreased. This could be due to roughness or oxide induced closure. For

hK levels above 10 MPa4"m, there is no roughness or oxide induced closure.

Both linear superposition and interpolative models were utilized to represent EFCP rates

in standard and ELI grade Ti-6A1-4V in 3.5% NaC1. The linear superposition model proved

effective for standard grade Ti-6AI-4V for AK values where Kmax exceeds K_ (23 MPa4"m) and

frequencies greater than 1 Hz. The linear superposition model is not effective for ELI grade Ti-

6A1-4V due to the increased SCC resistance of this alloy. The interpolative model was effective

in modeling the effect of frequency in both standard and ELI grade Ti-6AI-4V when the

frequencies where data were interpolated are within the establishing data base.

The computer models developed during this research are reasonably effective in

representing EFCP rates, and can be incorporated in NASA FLAGRO. The programs are

available on a FORTRAN 77 program disk in executable form, along with the source code.

Given the complexity of EFCP in a variety of aluminum, iron, nickel and titanium-based alloys,
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this program is only a first step in developing the necessary interpolative and predictive

capabilities in NASA-FLAGRO; substantial additional work is required.

Presentation Viewgraph Captions

1. Title.

, Problem Statement. The problem is that coupling an aggressive environment with cyclic

plastic deformation can significantly reduce the fatigue life of an aerospace structure;

these environmental effects, however, have not been incorporated in NASA FLAGRO.

. Objective and current work. The general objective of the research is to develop an

effective method for estimating environmental effects on fatigue crack propagation for

use in NASA FLAGRO.

. Da/dN versus AK data for Ti-6A1-4V in moist air and a 3.5% NaC1 solution for a

frequency of 5 Hz, and R = 0.1. In moist air da/dN is a function only of A K and R. In

an aggressive environment such as NaC1, da/dN is a function not only of A K and R, but

also loading frequency and hold time.

. Summary of equation used by the computer programs to relate da/dN to AK. Five

different crack growth rate equations are available including the Forman Equation with

and without crack closure, the Paris Equation, the Hyperbolic Sine Equation, and the

Sigmoidal Equation.

. Summary of the method proposed to interpolate trends in environmental fatigue behavior

using an approach similar to that reported by Haritos et al. Trends are interpolated by

relating equation constants to load-time characteristics using empirical relationships. The

form of these relationships is selected based on interpolative models discussed in the

literature, and experimental results generated for Ti-6A1-4V (MA,ELI).

. Summary of equations used to interpolate crack growth rate-equation constants based on

load characteristics. The load characteristics are stress ratio, hold time and frequency.

The form of the relationships depends on the number of data sets fit to a crack growth

rate equation, and the form of the basic crack growth rate equation.

. Summary of the multiple power law model developed during this research. The purpose

of the multiple power law model is to develop a computer program which allows the user

to fit a multiple power law equation to da/dN versus AK data.
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10.

11.

12.

13.

14.

15.

Plotof da/dNversusAK for Ti-6A1-4V(MA,ELI) in moistair anda 1.0%NaC1solution
for R = 0.4 and afrequencyof 5 Hz. Thealloy exhibitsa complexda/dNversusAK
behavior in both moist air and aqueouschloride,as exhibitedby the multiple slope
transitions. The power law segmentsweredeterminedusingthemultiple power law
modeldevelopedduringthisresearch.

Chemical compositionand mechanicalpropertiesfor Ti-6A1-4V (MA,ELI). In all
environmentassistedcrackingexperiments,compacttensionsspecimensmachinedin the
L-T orientations were utilized. A 3.5% NaC1 solution served as the corrosive
environment,andspecimenswereheldatafixed electrodepotentialof-500 mVscE.

Summaryof the methodutilized during the constantCMOD rate testswhich were
conducted to determine the stresscorrosioncracking susceptibility of Ti-6AI-4V
(MA,ELI). All experimentswere conductedin CMOD control with crack length
calculatedusingtheDCPDmethod,andCMOD measuredby aclip gauge.Also shown
in a schematicof theenvironmentalcell utilizedduring theexperiments.

Summaryof theresultsfor theconstantCMOD rateexperimentsconductedfor Ti-6A1-
4V (MA,ELI). KjI c was found to be 78 MPad'm, slightly higher than K_c for standard

grade Ti-6A1-4V. ELI grade Ti-6AI-4V exhibits a greater resistance to stress corrosion

cracking than standard grade Ti-6AI-4V, with a KvH between 48 and 55 MPa-/'m

depending on loading rate. ELI grade Ti-6AI-4V also exhibits a slower da/dt than

standard grade.

Plot of load versus CMOD for Ti-6AI-4V (MA,ELI) in a 3.5% NaC1 solution. The

specimen was loaded monotonically to a stress intensity level of 40 MPad'm in 65
minutes. The load was then held constant for 140 hours at this level. A load drop of 0.1

kN would have been noticeable, and corresponded to 0.2 mm of crack extensions. The

load did not drop, thus da/dt is less than 5 x 10 -7 mm/sec. Shown on the graph is the

literature-reported K-m value for standard grade Ti-6AI-4V.

Plot of load versus CMOD for Ti-6AI-4V(MA,ELI) in moist air and 3.5% NaC1 for

various loading rates. Notice that there are small sharp decreases in the load at a constant

CMOD for the NaC1 experiments. The air data do not show decreases in load at a

constant CMOD. Since for two of the experiments, the loading rates were identical and

only the environment varies, environment assisted cracking occurs in Ti-6AI-4V

(MA,ELI), but only at high stress intensities. (Note that the fatigue precrack length was

longer for the experiment represented by o, compared to the two experiments with equal

and shorter crack lengths, represented by [] and +.)

Conclusions for environmental fatigue experiments conducted on Ti-6A1-4V (MA,ELI).

3.5% NaC1 is detrimental, enhancing fatigue crack growth rates two to fourfold compared

to moist air. ELI grade Ti-6A1-4V does not exhibit the frequency "crossover" effect for

the range of frequencies and AK levels utilized during this research (0.03 to 40 Hz and

5 to 25 MPad'm, respectively) due to the increased stress corrosion cracking resistance of
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16.

17.

18.

19.

20.

21.

the alloy. Instead, ELI grade Ti-6AI-4V exhibits a mild frequency dependence for AK

values between 12.5 and 25 MPa4"m where da/dN is proportional tof 0._to02. The closure

levels exhibited by Ti-6AI-4V (MA,ELI) are consistent with plasticity induced closure.

Description of the frequency "crossover" effect exhibited by ,_ + 1_titanium alloys in

aqueous chloride solutions. The "crossover" is a change in the ordering of da/dN as a

function of frequency at a transition AK level (AKscc) associated with the onset of

"cyclic" stress corrosion cracking. Below AKsco da/dN decreases as frequency decreases

perhaps due to passive film stability. Above 6Kscc, da/dN increases as frequency

decreases perhaps due to hydrogen embrittlement mechanisms.

Da/dN versus _K for Ti-6AI-4V (MA,ELI) in moist air, 1.0% NaC1 and 3.5% NaC1 for

various frequencies and a stress ratio of 0.1. Fatigue crack growth rates are enhanced in

the aqueous chloride compared to moist air, and are only mildly frequency dependent.

Plot of da/dN versus frequency for Ti-6A1-4V (MA,ELI) for constant AK values of 12.5

and 25 MPa4"m. For both constant AK values, da/dN generally increases mildly as

frequency increases for frequencies in the range 0.03 to 40 Hz. For both AK levels where

Kma x was less than Kva, da/dN was proportional tof 0._to0.2. The dashed line indicates the

type of trend that would be observed if the alloy/environment system exhibited the

frequency crossover effect.

Plot of A Kscc versus frequency for standard and ELI grade Ti-6A1-4V. The literature

data shown for standard grade Ti-6A1-4V are consistent with a Kva of 23 MPa4"m. Since

the ELI grade alloy exhibits a much higher Kva value, the EFCP data for standard grade

Ti-6A1-4V were linearly scaled to generate the trend lines shown for the ELI grade Ti-

6A1-4V. "Cyclic" stress corrosion cracking does not occur in the ELI grade Ti-6A1-4V

for the range of frequencies and applied stress intensity ranges used during this study due

to the increased SCC resistance. Since "cyclic" SCC did not occur, the alloy did not

exhibit the frequency "crossover" effect. For example, for applied AK values below 25

MPaq'm, "cyclic" SCC should not occur for frequencies below 200 Hz, five times faster

than the fastest frequency where data were collected during this research, 40 Hz.

Plot of K¢_/ Kmax versus crack length for Ti-6A1-4V (MA,ELI) in moist air and a 3.5%

NaCI solution for a constant AK value of 15 MPaq'm, stress ratio of 0.1, and frequency

of 5 Hz. Crack closure levels exhibited by Ti-6A1-4V (MA,ELI) were independent of

environment. The closure levels are consistent with plasticity induced closure modeling,

and the associated Forman Equation with closure. For AK values less than 10 MPa4"m,

crack closure increased as AK decreased. This could be due to roughness or oxide

induced closure. For AK values greater than 10 MPa(m, there is apparently no

contribution from roughness or corrosion debris/oxide induced closure.

Summary of conclusions for the computer models developed during this research. Linear

superposition is effective in modeling environment enhanced FCP rates for

material/environment systems where the alloy is extremely sensitive to stress corrosion
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22.

23.

24.

25.

26.

27.

cracking.For standardgradeTi-6A1-4V,linearsuperpositionis effectivefor AK values
whereKma x exceeds K_. Linear superposition is not effective for ELI grade Ti-6A1-4V

due to the increased SCC cracking resistance of the alloy. The interpolative model is

effective in modeling FCP rates when the load characteristics where data are interpolated

are within the establishing data base. Specifically, the effects of frequency and stress ratio

are reasonably modeled in standard and ELI grade Ti-6A1-4V.

Linear superposition predictions of literature-reported corrosion fatigue crack growth

rates in standard grade Ti-6A1-4V in 3.5% NaCI. The linear superposition model is

effective for AK values where Kma x exceeds Krn (23 MPa4"m) and loading frequencies

greater than 1 Hz.

Fitted and interpolated data for standard grade Ti-6AI-4V in a 3.5% NaC1 solutions using

the Forman Equation with closure. The logarithmic form of the frequency dependence

was selected.

Fitted and interpolated data for ELI grade Ti-6A1-4V in a 3.5% NaC1 solution using the

Forman Equation with closure. The crack growth rate equation constants were related to

the frequency using the f* dependence, a was specified as 0.1.

Summary of the University of Virginia Fatigue Analysis Software. The linear

superposition, interpolative, and multiple power law models are each contained in the

DOS executable program UVAFAS.EXE. The source code is also included on the disk.

The program was written using FORTRAN 77. This program will be provided to Dr.

R.G. Forman at the NASA-Johnson Space Center.

Summary of future work required to improve and generalize the linear superposition

model. The question has been posed: Can one calculate da/dt vs K from measured da/dN

vs AK data; this issue will be investigated. This calculation can be completed currently

using linear regression, provided that da/dt is well represented by a simple Pads equation,

and the fatigue load-wave form is a simple square function. Saff et al. advocate this

approach. The problem of calculating da/dt becomes nonlinear when other functions are

necessary. It is erroneous to assume that da/dt is necessarily independent of loading

frequency, because frequency affects crack tip strain rate and crack tip strain rate may

affect da/dt, for example, as predicted by film rupture modeling.

Schematic diagram showing typical dependencies of EFCP rate (da/dN vs AK) on

loading frequency. For the NaCI solution case, steels often exhibit da/dN proportional

to the inverse square root of frequency above a critical stress intensity range, while

aluminum and titanium alloys often exhibit da/dN proportional to frequency raised to a

power on the order of -0.1 for aluminum alloys and both +0.1 and -0.8 for titanium

alloys. The exact exponent depends on frequency and AK, as discussed with regard to

the crossover effect. The simple linear superposition predicts that this power is -1.0, if

a frequency independent value of da/dt exists at a given applied K level.
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28.

29.

Summaryof thefeasibilityandusefulnessof calculatingda/dtfrom da/dN. Themodel,
if developedwith sufficientmathematicalsophistication,shouldbeableto calculateaset
of da/dt vs K data from da/dN vs AK, however, the model will always predict da/dN

proportional to f .10 if da/dt is assumed to be frequency-independent. This result is not

broadly accurate for aluminum, titanium alloys and even steels. These various frequency-

dependent da/dN data sets will produce a nonunique da/dt vs K relationship. That is,

frequency-dependent da/dN vs AK data may produce a unique set of frequency-

dependent da/dt vs K. This result may be mechanistically meaningful and should be

pursued.

Summary of the method proposed to express daldt, derived from (da/dN)scc vs t_K data,

as a function of frequency for use in superposition modeling.
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Problem Statement

O

O

Coupling an aggressive

plastic deformation can

aerospace alloy.

environment with cyclic

reduce fatigue life of an

Environmental effects have not been incorporated in

computer life prediction codes such as NASA
FLAGRO.
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General Objective

Develop an effective method to estimate environmental effects on fatigue

crack propagation in light aerospace alloys for use in NASA FLAGRO.

Computer Modeling Goals

O Develop program implementing Wei and Landes linear superposition

model.

O Develop curve-fitting based interpolative model extending approach

used in NASA FLAGRO.

©

O

Develop computer program to fit multiple power laws to fatigue data.

Apply models to titanium alloys.

C)

O

O

Environment Assisted Cracking (EAC) of Ti-6AI-4V

Literature analysis for standard grade Ti-6AI-4V.

Determine stress corrosion susceptibility of Ti-6AI-4V in 3.5% NaCl

solution.

Determine effect of loading frequency on fatigue crack propagation in

Ti-6AI-4V in 3.5% NaCI.

Output

0

C)

Program for NASA.

Understanding of corrosion fatigue behavior of Ti-6AI-4V.



Fatigue Crack Propagation in Ti-6AI-4V (MA,ELI)

O

o

Z

10 -4

10-S

10-6

Ti-6AI-4V (MA,ELI)

R = O.l,f = 5 Hz

da/dN = f (R, _,f) -_

_-- da/dN = f (R)

[] 3.5% NaCI

o Moist Air

I I I I I I I I

5 10 15 20

AK (MPax/m)

In moist air, da/dN is a function of AK and R.

In NaCI, da/dN is a function of AK, R, z,f.
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Crack Growth Rate Equations

Forman With Closure

da

dN

AK)

q

P

Forman Without Closure

da

dN

C AK" (1 - R) m
AK

1 -R

p

Paris

da
= C AK '_

dN

Hyperbolic Sine (SINH)

log -_ -- C, sinh ( C 2 [ log (AK) ÷ C 3 ] ) . C4

Sigmoidal

da
-- = e

dN

B
P
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Interpolation Functions

0 If one data set entered:

© If two data sets entered using Forman Equation:

0 If three data sets entered using Paris, SINH, or Sigmoidal:

C) Log [(1/f)+l] dependence can be replaced withf _, _ is a

user specified constant defined by experiment or theory.
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Static Load Test

8

7

6

5

4

3

2

0

Ti-6AI-4V (MA,ELI)
3.5% NaCI

L-T Orientation

KTH in Ti-6AI-4V (MA)

CMOD Rate = 1.27 x 10 -4 mm/sec

1500

1000 ._

500

0

0.0 0.0 0.2 0.3 0.4 0.5 0.6 0.7

CMOD (mm)

© Load increased monotonically to stress intensity level

40 MPad'm in 65 minutes, held for 140 hours.

of

O Load drop of 0.1 kN (25 lbs) would have been noticeable

and corresponded to 0.2 mm of crack growth.

© Load did not drop, thus da/dt is less than 5 x 10 -7 mm/sec.



Results for Constant CMOD Rate Tests

18-

16

14

12

10

"_ 8

6

4

2

0

Ti-6AI-4V (MA,ELI)

Monotonic Load

K= 23
K= 40

Moist Air

+ 4.7 x 10 .5 (mm/sec)

3.5% NaC! (-500 mVscE)

o 3 x 10 .5 mm/sec

D 4.7 x 10 .5 mm/sec

= 23 MPadm

0.0 0.5 1.0 1.5 2.0 2.5

CMOD (mm)

o

o

There are sharp decreases in load at constant CMOD for

NaCI experiments.

Air data do not show sharp decreases in load at constant

CMOD.

O Since loading rates were identical and only environment

changed, EAC does occur in Ti-6AI-4V (MA,ELI), only at

high K.
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Frequency "Crossover" in _ + [_ Titanium Alloys

O + [3 titanium alloys in aqueous chloride solutions

exhibit frequency "crossover".

o "Crossover" is a change in ordering of da/dN as a

function of frequency at a transition AK level.

O Transition AK

"cyclic" SCC.

level (AKscc) is associated with onset of

O

O

Below AKsc o da/dN decreases as frequency decreases

perhaps due to passive film stability.

Above AKsco da/dN increases as frequency decreases

perhaps due to hydrogen embrittlement mechanisms.

z
<_

<_

fl ---__ fl > f2 > f3

AKsc¢ (q)

_ AKscc (f3)

I I I

AK,. log AK



Fatigue Results for Ti-6AI-4V (MA,ELI)

Z

10-2

10-3

10 -4

10-5

10-6

10-7

Ti-6AI-4V (MA,ELI)
L-T Orientation
R=0.1

Constant AK=15 MPa_/m

Moist Air

• 5 Hz

3.5% NaCl, -500 mVsc E

• 5 Hz

2

I I I I ! I I I I

3 4 5 10 15

AK (MPa_/m)

K Gradient

Moist Air

_5Hz

3.5% NaCI, -500mVsc E

O 40 Hz

1.0% NaCi, -500 mVsc E

/x 5 Hz

I I I I I

20 30 50 70



Frequency Response of Ti-6AI-4V (MA,ELI)

10 "1

10-2

10-3

10.4

Z

_t lO-S

10-6

10-7

Ti-6AI-4V (MA,ELI)

R = 0.1, L-T
3.5% NaCl

O O

O

[]

AK = 12.5 MPax/m

AK = 25 MPa_/m

' ' ' ' ''"1 ' ' ' ' ''"1 ' ' ' ' ''"1

0.01 0.10 1.00 10.00

Frequency (Hz)

O

o Results do not exhibit frequency "crossover" effect.

0

0

Da/dN increases as frequency increases for 0.03 <f < 40
Hz.

Da/dN is proportional to f

Kma x < KTH.

0.1 to 0.2 for each A K where



Frequency "Crossover" In Ti-6AI-4V (MA,ELI)

60

50

40

30

20

10

Ti-6AI-4V (MA)

3.5% NaCi Solution

R=0.1

ELI Grade
o o o o o o . o . .•

O

[3

Dawson

Yoder et. ai.

0 " ' "'''"1 " " ''''"1 ' ' ''''"i ' " ''''"1 " " '

0.01 0.10 1.00 10.00 100.00

Frequency (Hz)

o

o

"Cyclic" SCC does not occur in ELI grade for the range

of frequencies tested due to increased SCC resistance.

Since "cyclic" SCC does not occur, frequency "crossover"

effect is not exhibited.

O For AK values below 25 MPax/-m, "cyclic" SCC does not

occur for frequencies below 200 Hz.

O Fastest frequency where data were collected during this

study is 40 Hz.



Crack Closure in Ti-6AI-4V (MA,ELI)

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Ti-6AI-4V (MA,ELI)

R = 0.1,f = 5 Hz, AK = 15 MPa_/m

L-T Orientation

O Moist Air

A 3.5% NaCl,-500 mVsc E

I I I I I I I I

14 16 18 20 22 24 26 28 30 32

a (mm)

O Crack closure levels are independent of environment.

O

O

Closure levels are consistent with plasticity induced

closure (KclfKmax = 0.3) and with Forman Equation.

Crack closure levels increase as AK decreases for AK

values less than 10 MPa_rm, could be due to roughness

or oxide induced closure.

O At AK values > 10 MPad'm, there is no roughness or oxide

induced closure.
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Application of Linear Superposition to Ti-6AI-4V

100

10-1

¢,)
.-- 10-2

E
E

Z; 10.3

10 .4

10-5

Ti-6AI-4V (MA)

3.5% NaCI Solution

R=0.1

Linear Superposition Model

10Hz

----'-- 5Hz

1HZ

Experimental Data

zx 10 Hz

O 5 Hz []

[] 1 Hz

0 n
A

A

0

n

I I I I I I I I I I I I

4 5 6 8 10 20 30 40 80

AK (MPax/m)

o

o

Superposition is effective for AK values where Km_ X

greater than KTH (N23 MPafm) andf > 1 Hz.

is

Superposition is not effective for ELI Ti-6AI-4V due to

increased SCC resistance (KtH - 48 to 55 MPadm).



Application of Interpolative Model to Standard Ti-6AI-4V

Forman Equation With Closure
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University of Virginia Fatigue Analysis Software

University of Virginia

Fatigue Analysi s Software

Edward Richey, III
Allen W. Wilson

Richard P. Gangloff

Department of Materials Science

and Engineering

University of Virginia



Future Work Regarding Linear Superposition Model

Include capability

versus AK.

to calculate da/dt (K) from da/dN

May improve model by generating a set of da/dt data

more reflective of crack tip strain rates during fatigue.

Solve for da/dt in following equation:

da da
d,

Linear regression utilized if da/dt is represented by Paris

Equation and K(t) is represented by square wave with

R=0.

da
= CK"

dt

scc

= C 1: K£_ (1 - a)

= period of loading cycle

a = fraction of load cycle at Kma x

Problem is complicated and non-linear when other wave

forms and equations are used.



Relationship between da/dN and Frequency

da/dN _ f -o.s (Steel in NaCI)

log Frequency

log AK

da/dN _f -o.1(Ti in NaCI)

I I 'Decrei_

log Frequency

. 'Y/ _ _1"'-_ I
: "°l'

¢ Decreasing f log Frequency

log AK

Linear Superposition predicts da/dN _f -1



l

Tml _

v _ _
v _



Dimensional analysis shows:

da da

dN dt
f-1

If da/dt is independent of frequency:

da o_f-1
dN

as predicted by simple linear superposition model.

If da/dt is a function of frequency:

da
_f_

dt
0<_<1.5

da da
OC

dN dt
f-1 o_f(a-1)

Must define frequency dependence of da/dt:

da

dt
- C K"f _

Film rupture modeling:

da
_fm

dt
where m ~ 0.5





APPENDIX I: GRANT PUBLICATIONS (January 1 to June 30, 1995)

° H.J. Koenigsmann and E.A. Starke, Jr., "Fracture Behavior in A1-Si-Ge Alloys", in

Proceedings of the 2nd International Conference on Microstructures and Mechanical

Properties of Aging Materials, TMS-AIME, Warrendale, PA, in press (1995).

° R.G. Buchheit, F.D. Wall, G.E. Stoner and J.P. Moran, "Anodic Dissolution-Based

Mechanism for the Rapid Cracking, Preexposure Phenomenon Demonstrated by

Aluminum-Lithium-Copper Alloys", Corrosion, Vol. 51, pp. 417-428 (1995).

. Donald C. Slavik and Richard P. Gangloff, "Environment and Microstructure Effects on

Fatigue Crack Facet Orientation in an A1-Li-Cu-Zr Alloy", Act_ Metallurgica et

Materialia, in review (1995).

. P.N. Kalu and J.A. Wagner, " A Microtexture Investigation of the Fracture Behavior of

A1-Li Alloy 2090", Lightweight Alloys for Aerospace Applications III, TMS-AIME,

Warrendale, PA, in press (1995).

, B. Skrotzki, E. A. Starke and G. J. Shiflet, "The Effect of Stress on Nucleation and

Growth of Precipitates in A1-Cu-Mg-X Alloys", Proc. of the 2nd International Conference

on Microstructure and Mechanical Properties of Aging Materials, TMS-AIME,

Warrendale, PA, in press (1995).

, B. Skrotzki, E. A. Starke and G. J. Shiflet, "Effect of Texture and Precipitates on

Mechanical Property Anisotropy of A1-Cu-Mg-X Alloys", Proc, of the 4th Int. Conf. on

Aluminum Alloys, Vol. II, EMAS, Warley Heath, UK p. 40 (1994).

95

PRECI_DII_ PAGE BLANK NOT FILMED

PA_



96

4_



APPENDIX II: GRANT PRESENTATIONS (January 1 to June 30, 1995)

, H.J. Koenigsmann and E.A. Starke, Jr., "Fracture Behavior in A1-Si-Ge Alloys", 2nd

Intemational Conference on Microstructures and Mechanical Properties of Aging

Materials, Las Vegas, NV, February, 1995.

. H.J. Koenigsmann and E.A. Starke, Jr., "Fracture Behavior in A1-Si-Ge Alloys", Beijing

University of Aeronautics and Astronautics, Beijing, China, June, 1995.

, M.J. Haynes, B.P. Somerday, C.L. Lach and R.P. Gangloff, "Characterization and

Micromechanical Modeling of Elevated Temperature Fracture in Advanced Aluminum

Alloys", 27th National Symposium on Fatigue and Fracture Mechanics, Williamsburg,

VA, June 1995.

. R.P. Gangloff, "Elevated Temperature Fracture of Advanced Aluminum Alloys", Albany,

Schenectady, Troy Chapters of ASM International and TMS-AIME, Troy, NY, May,

1995.

° R.P. Gangloff, ""Elevated Temperature Fracture of Advanced Aluminum Alloys",

Washington Chapter of ASM International, Washington, DC, January, 1995.

° P.N. Kalu and J.A. Wagner, "A Microtexture Investigation of the Fracture Behavior of

AI-Li Alloy 2090", 1995 TMS Annual Meeting, Las Vegas, NV, February, 1995.

0 B. Skrotzki, E. A. Starke and G. J. Shiflet, "Alterung einer A1-Cu-Mg-Ag Legierung unter

aeusserer Spannung", Annual Meeting of the German Materials Society, Bochum,

Germany, June, 1995.

. B. Skrotzki, E. A. Starke and G. J. Shiflet, "The Effect of Stress on Nucleation and

Growth of Precipitates in A1-Cu-Mg-X Alloys", 124th TMS Annual Meeting, 2nd

International Conference on Microstructure and Mechanical Properties of Aging
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Program",UVa ReportNo.UVA/528266/MSE94/116,July, 1994.
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APPENDIX IV: LA2ST GRANT REVIEW MEETING AGENDA

FINAL AGENDA

SIXTH ANNUAL NASA-UVa LAZST MEETING

NASA-Langley Research Center
Hampton, Virginia

Day1: Monday. luly 17. 1995

1:00-1:15 pm Dennis L. Dicus: Welcome. Edgar A. Starke and Richard P.
Gangloff: LA2ST program status.

1:15-2:00 "AI-Si-Ge Alloy Development"; Holger Koenigsmann and E.A.
Starke.

2:00-2:45 "Effects of Texture and Microstructure on the Anisotropic Yield
Strength of Wide Panel Aluminum Alloy Extrusions"; Mark T.
L_y__ffJ_and John A. Wert

2:45-3:00 Break

3:00-3:40 "Effect of Texture and Precipitates on Mechanical Property
Anisotropy of AI-Cu-Mg-X Alloys"; Birgit Skrotzki, G.J. Shiflet
and E.A. Starke.

3:40-4:20 "Elevated Temperature Fracture of AA2519 with Ag"; Michael I.
Haynes and R.P. Gangloff.

4:20-4:50 "Microtexture and Temperature-Dependent Fracture
AA2090" Iohn A. Wagner and R.P. Gangloff.

of

4:50-5:20 "Effects of Aging and Temperature on the Ductile Fracture of
AA2095 and AA21 95", Cynthia L. Lach and R.P. Gangloff.
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Day 2: Tuesday,/uly 18. 1995

8:30-9:15 am

9:15-10:00

10:00-10:15

10:15-11:00

11:00-11:20

11:20-11:50

11:50-1:15 pm

1:1 5-2:15

"Modeling Time-Dependent Environmental Fatigue Crack
Propagation in Aluminum and Titanium Alloys for NASA-
FLAGRO"; Edward Richey. M.E. Mason and R.P. Gangloff.

"Mechanisms of Localized Corrosion in Alloys 2090 and
2095"; F. Douglas Wall and G.E. Stoner.

Break

"Hydrogen Interactions and Their Correlation to the
Hydrogen Embrittlement Susceptibility of AI-Li-Cu-Zr Alloys";
Stephen W. Smith and J.R. Scully.

"SCC Initiation in Advanced AI-Li-Cu Alloys; I.R. Scully and
G.E. Stoner.

"Internal Hydrogen Embrittlement of Low Cost Beta"; Sean
P. Hayes, R.P. Gangloff, S.M. Kazanjian and E.A. Starke.

Lunch

Group discussion between UVa and LaRC participants on the
health of the LA2ST Grant, the LA2ST-HSCT program merger,
and directions for future NASA/UVa research.
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